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Abstract 
This research aims to understand the natural and human influences on erosion in 
three tributary watersheds to the Mekong River, Yunnan Province, China and to assess 
the utility of a novel application of isotopic indicators of erosion. It explores how erosion 
varies through time and space as a function of physical characteristics of the landscape, 
tectonic forces, and human alteration of the landscape for forestry and agriculture. To 
accomplish these goals, I use four sediment-associated radionuclides: in situ 10Be, 
meteoric 10Be, 210Pbex, and 137Cs. These isotopes accumulate in or on sediment grains, 
and each accumulates to a different depth on the landscape and has a different half-life. 
Thus, the isotopes can be used to track sediment as it moves across Earth’s surface, each 
providing unique insight into processes occurring over a certain time period (from ~50 to 
50,000 years) or eroding to a certain depth on the landscape. 
 The studied watersheds range from 22° to 27° N latitude, and from 200 to 2500 
km2 in area. I collected 54 samples of river-borne sediment within the three study 
watersheds, and measured the concentration of each isotope in every sample. In addition 
to the measured isotopic concentrations, I utilize on over 20 years of daily sediment yield 
data at the outlet of each watershed, hillslope steepness, normalized channel steepness 
(ksn), contemporary land-use data, elevation, and 56 years of mean annual precipitation 
data (MAP). 
 Long-term erosion rates scale with topographic parameters in two of the three 
study basins, indicating that topography, or the underlying tectonic forces responsible for 
topography, control erosion rates over the past 6,000 to 50,000 years. Isotopic data also 
show that contemporary erosion is higher in cultivated areas than un-cultivated areas, a 
direct result of agricultural practices. Contemporary sediment yield, however, has not 
increased notably due to land-use change; however, under-representation of large 
stochastic events and sediment trapped by agriculture have reduced sediment yield 
relative to the long-term average in two of the studied watersheds. 
Overall, the data imply changes in contemporary erosion that are consistent with 
Chinese policies that promoted deforestation from the 1950’s to the late 1980’s and 
conservation from the late 1990’s to present. This proves to be a significant finding, as 
the result of the top-down approach China has taken with conservation policy has been 
widely called into question in previous studies. 
While each isotope has the potential to provide unique information regarding 
erosional processes, in situ 10Be and 210Pbex proved to be the most useful, while meteoric 
10Be was the most challenging to utilize. Though interpretation is complex, measuring all 
four isotopes on the same sediment samples helps to fully realize the potential of in situ 
10Be to estimate background erosion by simultaneously allowing for assessment of 
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 Chapter 1: Introduction 
1 Motivation and project goals 
 Humans have become one of the most effective geomorphic agents on the planet, 
altering 54% of the total land area on Earth, with agriculture and forestry accounting for 
47% of that alteration [Hooke, 2012]. Large quantities of sediment are mobilized and 
redistributed by human alteration of the landscape, often supplanting significantly slower 
and more diffuse geomorphic processes that would otherwise govern sediment movement 
across Earth’s surface [Hooke, 1994]. Until relatively recently, basin-scale rates of 
erosion were difficult to quantify, often relying upon inaccurate estimates from fluvial 
sediment yield [Trimble, 1977]. With the discovery and refinement of methods that 
utilize radioactive isotopes as tracers for sediment movement, the past several decades 
have seen a boom in the number of studies that seek to quantify erosion at the basin-scale 
[cf., Willenbring and von Blanckenburg, 2010; Portenga and Bierman, 2011; Matisoff 
and Whiting, 2012]. 
 Here, I build upon an expanding body of research aimed at untangling the variable 
influence of natural and human processes on erosion of Earth’s surface through the 
application of multiple sediment associated isotopes. To accomplish this goal, I measured 
excess 210Pb (referred to as 210Pbex), 137Cs, in situ 10Be (referred to as 10Bei), and meteoric 
10Be (referred to as 10Bem) on fluvial sediment collected from three tributaries of the 
Mekong River, in Yunnan Province, southwest China (Figure 1). Accompanying the 
isotopic measurements I also use over 20 years of daily suspended sediment yield data at 
the outlet of each watershed, remotely sensed land-use data, 56 years of mean annual 
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precipitation (referred to as MAP) records, normalized channel steepness (referred to as 
ksn), and hillslope angle. I utilize the unique soil depth profiles and half-lives of each 
isotope in conjunction with the sediment yield, land-use, and physiographic data to 
determine what erosional processes dominate over the short- and long-term and how 
humans have perturbed the natural system. 
 
Figure 1. A map showing the location of the study basins within the general region 
overlain on a digital elevation model. The study basins are outlined in orange, while the 
Mekong River and selected tributaries are shown in blue. The inset in the top right places 
the study area in the context of Southeast Asia. 
 
 I address several geologically and societally relevant questions. First, I quantify 
how well fluvial sediment is mixed at river junctions and explore why sediment does not 
always mix well. Fully homogenized sediment is a critical component to basin-scale 
























controls on long- and short-term erosion (averaged over ~6,000 – 50,000 yr and ~50 – 
100 yr, respectively) in each watershed using quantitative and qualitative methods. 
Understanding how erosion changes through time is key to contextualizing the influence 
of humans, climate change, or other processes on the landscape. Third, I place the 
information gleaned from erosion analysis in the context of national changes in China’s 
land-use policies, showing that multiple isotopic techniques can be used to directly assess 
the effectiveness of resource management plans. Finally, I address the relative merit of 
measuring all four isotopes on the same samples of fluvial sediment as a method for 
assessing erosion over a range of timescales. The application of all four isotopic systems 
used here on the same samples is a novel attempt at increasing the spatial and temporal 
resolution of erosion studies. It builds upon previous work leveraging one or two of these 
isotopes and is one of the first studies to combine all four isotopes. 
 
2 Geographic background 
2.1 Study sites 
 The Mekong River watershed flows from the southeastern Tibetan plateau east 
and south to its outlet in the South China Sea and is situated between the Salween River 
to the west and the Yangtze River to the east. The samples included in this research are 
from the Yongchun (198 km2), Weiyuan (2508 km2), and Nankai (1006 km2) Rivers, 
however, I refer to them by the ID’s assigned by Schmidt et al. [2011]: basins 35, 49, and 
11, respectively. Basins 35 and 49 are within the Lanping Simao unit, a component of the 
Indochina crustal extrusion, and primarily composed of thick terrestrial Jurassic and early 
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Cenozoic redbeds [Akciz et al., 2008]. Basin 11 is within the Chengling-Mengliang and 
Linchang units, a component of the Sibumasu crustal extrusion, and primarily composed 
of low to high-grade metamorphic rocks [Akciz et al., 2008]. The region is dominated by 
east-west trending right-lateral strike-slip faults accommodating the northward movement 
of India relative to China with smaller normal and reverse faults in certain areas [Burg et 
al., 1997]. Previous studies have used 10Be to estimate millennial scale erosion rates in 
the Mekong River Basin that range from 0.1-0.4 mm yr-1, with the highest erosion rates 
found in the narrowest portion of the Mekong River corridor [Henck et al., 2011]. 
Monsoon rains from May – October account for > 80% of the precipitation in the region, 
and the study basins experience less precipitation in the north and greater precipitation in 
the south [Fan et al., 2013]. 
 
2.2 Overview of contemporary Chinese land-use policy 
Human over-use of the landscape in China was recorded as early as the 11th 
century [Elvin, 2004], and modern exploitation of the landscape is often met with concern 
over environmental degradation. During the 50 – 60 year transition from insular 
Communist China to the current manifestation of Chinese communism, Chinese forests 
were subject to three major clearance events, sometimes referred to as the “Three Great 
Cuttings” [Trac et al., 2007]. The first of the cuttings began with the Great Leap Forward 
in 1958, when forests were collectivized and harvested as an energy source for the small-
scale production of steel. The Cultural Revolution, from 1966 – 1976, brought about the 
second of the cuttings as forests were converted to agricultural land to support the rapidly 
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increasing population. The transition to a market economy in the early 1980’s spurred the 
third cutting, as forests were returned to individual control and timber production became 
a profitable industry [Hyde et al., 2003].  
Continued recognition of the risk of environmental degradation due to land-use 
practices during and after the Three Great Cuttings resulted in sporadic attempts at policy 
to mitigate the impacts of forest clearance, however, meaningful results were not widely 
achieved until after a devastating flood in the Yangtze River in 1998 that claimed over 
3000 lives [Trac et al., 2007]. In 2000 the Chinese government implemented the Natural 
Forest Protection Program to restore damaged forests and protect remaining forestland, 
which included a ban on logging in much of SW China [Trac et al., 2007]. In 2001, the 
“Returning Farmland to Forest” program was rolled our nationally, incentivizing the 
conversion of agricultural land back to forest, particularly on slopes greater than 25°, 
marking one of the largest conservation programs in the world [Trac et al., 2007; 2013]. 
Both policies identified erosion and flood mitigation as primary goals of landscape 
restoration. Official government results claim nearly all benchmarks for success were met 
or exceeded, however, several small-scale studies have cast doubt on the veracity of these 
reports [Trac et al., 2007; 2013].  
Chinese land use and conservation policies are generally considered to be some of 
the most comprehensive, particularly among developing nations, however, the programs 
often suffer from inadequate implementation [Bao, 2006; Trac et al., 2013]. In some 
cases, evidence has even been found of falsified results being reported to governmental 
agencies [Trac et al., 2013]. Basin-scale analysis of sediment yield from rivers in SW 
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China do not clarify the issue, and did not find any significant correlation between 
sediment yield and land use or development [Schmidt et al., 2011]. In spite of significant 
work attempting to clarify the impact of Chinese land-use history on the environment in a 
range of natural and social science fields, the question still remains: Has human influence 
on the landscape significantly degraded China’s environment? 
I address a portion of this question in this research, specifically: Has Chinese land 
use changed the pace of erosion over the past century? The half-lives and deposition 
periods of the isotopes used in this study, particularly 210Pbex and 137Cs, allow for 
qualitative assessment of erosion occurring over the period of both widespread 
deforestation and conservation from the basin-scale. Therefore, where appropriate in this 
work, I attempt to place the erosion observed via the isotopic data in the context of recent 
Chinese land-use policies implemented in the study region. 
 
3 Introduction to isotopic tracers of erosion 
In this work, I use four different sediment associated isotopes to trace erosion. 
Isotope production occurs either in situ where the atoms are retained within the crystal 
structure of mineral grains (10Bei) or in the atmosphere, from which isotopes are 
delivered to Earth’s surface through precipitation and dry-fall (10Bem, 210Pbex, and 137Cs). 
Atmospherically produced nuclides are often referred to as fallout radionuclides. Once 
fallout radionuclides are delivered to the surface of the Earth, they strongly adhere to the 
exterior of sediment grains and are assumed to mobilize exclusively through the 
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movement of sediment [Willenbring and von Blanckenburg, 2010; Parsons and Foster, 
2011; Mabit et al., 2014].  
In situ-produced and fallout radionuclides have been used extensively to quantify 
erosion, fingerprint unique sediment sources, and investigate sediment mixing in rivers 
[e.g., Brown et al., 1988; Walling and Woodward, 1992; Brown et al., 1995b; Bierman 
and Steig, 1996; Granger et al., 1996; Mabit et al., 2008; Yanites et al., 2009; Reusser 
and Bierman, 2010; Willenbring and von Blanckenburg, 2010]. In this study, I use the 
isotopes to assess sediment mixing in streams (10Bei and 10Bem), calculate long-term 
average erosion rates (10Bei), estimate the balance between atoms leaving a basin on 
sediment vs. atoms delivered to the basin via precipitation, called the erosion index 
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 Combining short- and long- lived sediment-associated isotopes 
 Sediment mixes well in basins with significant human influence 
 Multiple isotopes in one sample improves understanding of erosion  
 
Abstract 
 Modern Chinese land use policies are widely believed to have substantially 
increased erosion in western China, but extensive sediment yield data from the region 
shows no sign of such erosion. In order to better understand catchment-wide patterns in 
erosion and untangle natural and anthropogenic processes, we measured in situ-produced 
10Be, meteoric 10Be, 210Pbex, and 137Cs on the 250-850 µm fraction of 54 fluvial sediment 
samples from three tributary catchments (200-2500 km2) of the Mekong River, Yunnan, 
China. Each study basin has over 20 years of daily sediment yield data, and includes a 
wide range of topography and land-use. Long-term erosion rates scale with topographic 
parameters in two of the three study basins. Isotopic data also show that erosion is higher 
in cultivated areas than un-cultivated areas. Contemporary sediment yield has not 
increased notably due to land-use change, however, under-representation of large 
stochastic events and sediment trapped by agriculture have reduced sediment yield 
relative to the long-term average. While each isotope potentially provides unique 
information regarding erosional process, in situ 10Be and 210Pbex are the most useful, and 
meteoric 10Be the most challenging to utilize. Overall, the data imply changes in 
contemporary erosion that are consistent with national policies promoting deforestation 
13 
 
from 1950 – 1980’s and conservation from the late 1990’s to present. While 
interpretation is complex, measuring all four isotopes on the same sediment samples 
helps to fully realize the potential of in situ 10Be to estimate background erosion by 





 Understanding the source and volume of sediment moving across the landscape, 
and the role of humans in sediment generation and transport, are fundamental issues in 
Earth science [NRC, 2012]. There is a growing body of research that uses long- and 
short-term measures of sediment generation and/or erosion derived both from sediment-
associated isotopes and from sediment yield data to disentangle the influence of natural 
and human processes at a range of temporal and spatial scales [Judson, 1968; Trimble, 
1977; Ritchie and McHenry, 1990; Walling and Woodward, 1992; Wallbrink and 
Murray, 1993; Walling, 1999; Bierman et al., 2001; Hewawasam et al., 2003; Bierman 
and Nichols, 2004; von Blanckenburg, 2005; Vanacker et al., 2007; Mabit et al., 2008; 
Willenbring and von Blanckenburg, 2010; Portenga and Bierman, 2011; Granger et al., 
2013; Reusser et al., 2015]. Most investigations rely on one or, at most, two methods 
(e.g., in situ 10Be, meteoric 10Be, 137Cs, 210Pbex, sediment yield data, and/or 
thermochronology). Only a few use isotopes with both short (210Pbex, 137Cs) and long 
(10Be) half-lives to quantify erosion over differing time scales or to track the source of 
sediment moving through river networks [O'Farrell et al., 2007; Belmont et al., 2014; 
Stout et al., 2014]. 
This study uses in situ 10Be (10Bei), meteoric 10Be (10Bem), 137Cs, and 210Pbex to 
understand better how, where, and when regolith is formed and then eroded over decades 
to millennia. National land-use policies in China resulted in widespread deforestation 
from the 1950’s to the end of the century followed by recent conservation policies that 
were enacted in an effort to combat destructive land use [Trac et al., 2007; 2013]. 
15 
 
Extensive sediment yield data for the region, however, do not show a significant increase 
in sediment delivered by rivers in the region as a result of land-use change and 
development [Schmidt et al., 2011]. By measuring the activity of each isotope in every 
sample, we seek to determine if the pace and spatial distribution of erosion has changed 
due to land-use practices in three tributary basins of the Mekong River, Yunnan, China 
(Figure 1). We interpret cosmogenic and radiogenic nuclide data in the context of over 20 
years of daily sediment yield data at the outlet of each of the three study basins [Henck et 
al., 2010; Schmidt et al., 2011], 30-m resolution contemporary land-use data [Chen et al., 
2015], 56 years of 0.25° resolution mean annual rainfall records [Yatagai et al., 2012], 
and topographic derivatives of 30-m resolution ASTER GDEM digital elevation models 
[NASA LP-DAAC, 2012]. 
 
2 Isotopic systems 
 A variety of isotopes useful for tracing surface processes have been measured in 
detrital sediments, including 10Bei [e.g., Portenga and Bierman, 2011], 10Bem [e.g., 
Willenbring and von Blanckenburg, 2010], 137Cs [e.g., Koiter et al., 2013], and 210Pbex 
[e.g., Mabit et al., 2014]. These isotopes accumulate in sediment either by in situ 
production within mineral grains (10Bei) or by fallout of atmospherically produced 
isotopes that strongly adsorb to the exterior of sediment grains (10Bem, 137Cs, 210Pbex). 
Each of these four isotope systems has a characteristic relationship with depth below the 
ground surface [Lal and Peters, 1967; Walling and Woodward, 1992; Graly et al., 2010]; 
their differing half-lives and delivery times have the potential to record surface processes 
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acting over different timescales (Figure 2) [Brown et al., 1995b; Bierman and Steig, 
1996; Granger et al., 1996; Mabit et al., 2008; Willenbring and von Blanckenburg, 
2010]. 
 
2.1 In situ produced 10-beryllium (10Bei) 
 10Bei (t1/2 = 1.39 My) [Chmeleff et al., 2009], measured in detrital quartz sand, is 
widely used [Portenga and Bierman, 2011] to estimate basin-wide background erosion 
rates integrated over 103 – 105 years [Brown et al., 1995b; Bierman and Steig, 1996; 
Granger et al., 1996]. Production of 10Bei in quartz occurs primarily through neutron 
spallation in the upper several meters of Earth’s surface [Lal and Peters, 1967; Lal, 1988, 
1991]. Below ~2 m of rock, neutron-induced nuclide production is negligible and 
production from muons dominates [Brown et al., 1995a; Heisinger et al., 2002a; 2002b]. 
10Bei is used to estimate long-term rates of sediment generation and erosion in 
areas disturbed by human activities [Brown et al., 1995b; Bierman and Steig, 1996; 
Granger et al., 1996; Brown et al., 1998; Hewawasam et al., 2003; Vanacker et al., 2007; 
Reusser et al., 2015]. This method assumes that the depth of sediment disturbed by 
humans does not exceed the depth of biologically stirred soil, which in most 
environments is restricted to the upper half to one meter [e.g., Pavich et al., 1985; Perg et 
al., 2001; Jungers et al., 2009]. If human disturbance is severe enough that sediment is 
sourced from below the mixed layer, the concentration of 10Bei overestimates the long-
term average erosion rate [Brown et al., 1995b; Bierman and Steig, 1996; Granger et al., 
1996; Niemi et al., 2005; Yanites et al., 2009].   
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10Bei-derived erosion rates are used to investigate differences between 
contemporary sediment yield integrated over years to decades and sediment generation 
rates integrated over 103 – 105 year time-scales [Brown et al., 1998; Clapp et al., 2000; 
Bierman et al., 2001; Kirchner et al., 2001; Schaller et al., 2001; Hewawasam et al., 
2003; Matmon et al., 2003a; Bierman et al., 2005; Nichols et al., 2005b; Vanacker et al., 
2007; Cyr and Granger, 2008; Nichols et al., 2014; Reusser et al., 2015]. Previous 
studies have identified areas where 10Bei-based erosion rates exceed modern sediment 
generation rates [Bierman et al., 2001; Kirchner et al., 2001; Schaller et al., 2001], 
regions where contemporary sediment yield outpaces cosmogenically-determined erosion 
rates [Brown et al., 1998; Clapp et al., 2000; Hewawasam et al., 2003; Bierman et al., 
2005; Reusser et al., 2015], and regions where cosmogenic and contemporary erosion 
rates appear to be in balance [Matmon et al., 2003a; Nichols et al., 2005b; Cyr and 
Granger, 2008; Nichols et al., 2014]. 
Long-term erosion rates that exceed modern rates are thought to reflect the 
absence of large, long-recurrence-interval sediment transport events in short sediment-
gauging records [Kirchner et al., 2001; Schaller et al., 2001]. Consistent erosion rates 
across varying times scales are used as evidence supporting long-term landscape steady 
state [Matmon et al., 2003a; Cyr and Granger, 2008] and sediment storage buffering 
against short-term increases in sediment yield from human influence [Nichols et al., 
2014]. Instances of modern sediment yield outpacing cosmogenically-determined erosion 
rates are usually attributed either to evacuation of stored sediment [Clapp et al., 2000; 
18 
 
Bierman et al., 2005] or human disturbance of the landscape [Hewawasam et al., 2003; 
Vanacker et al., 2007; Reusser et al., 2015]. 
 
2.2 Fallout radionuclides (10Bem, 210Pbex, and 137Cs) 
 Landscape-scale accumulation patterns of atmospherically delivered nuclides are 
determined by half-life, chemical properties, erosion and sedimentation rates and 
patterns, delivery rate, and delivery timing [Quine et al., 1992; Walling and Woodward, 
1992; Barg et al., 1997; He and Walling, 1997; Lu and Higgitt, 2000; Kaste et al., 2007; 
Graly et al., 2010]. Delivery of fallout nuclides occurs primarily through precipitation 
scavenging of atmospheric aerosols to which nuclides are adhered; however, dry-fall and 
aeolian transport of dust derived from soils are also important [Brown, 1987; Preiss et al., 
1996; He and Walling, 1997; Mabit et al., 2008]. Once delivered to Earth’s surface at a 
site, fallout radionuclides sorb to regolith grains, and subsequent changes in nuclide 
inventory are generally assumed to be the result of regolith movement and radioactive 
decay [Willenbring and von Blanckenburg, 2010; Parsons and Foster, 2011; Mabit et al., 
2014]. In contrast to the nuclear physics and bioturbation that control the depth 
distribution of 10Bei, the depth distribution and concentration of fallout isotopes in 
regolith, and thus sediment, is the result of a complex suite of pedogenic, chemical, and 
physical processes [e.g., Willenbring and von Blanckenburg, 2010; Parsons and Foster, 




2.2.1 Meteoric 10-beryllium (10Bem) 
10Bem is formed through spallation of N and O in the atmosphere [Lal and Peters, 
1962, 1967]. 10Bem is subsequently delivered to the Earth’s surface by precipitation and 
dry deposition, and fallout is typically modeled as a function of precipitation and latitude, 
[Graly et al., 2011] or through a combination of atmospheric production [Masarik and 
Beer, 1999] and climate models [Field et al., 2006; Heikkila et al., 2008]. In areas where 
significant material is introduced by the fallout of airborne dust, the total 10Bem delivery 
rate can be challenging to determine [Monaghan et al., 1986; Willenbring and von 
Blanckenburg, 2010; Graly et al., 2011; Ouimet et al., 2015]. Once at Earth’s surface, 
10Bem adheres to the exterior of grains and is incorporated in grain coatings with soil-
water partition coefficients on the order of 105 to 106 [Nyffeler et al., 1984; You et al., 
1989].  Significant leaching and loss from the soil column only occur at soil pH <3.9 
[Graly et al., 2010], although pedogenic processes redistribute 10Bem [Jungers et al., 
2009; Wyshnytzky et al., 2015]. 10Bem moves across the landscape in association with 
sediment, and its concentration and spatial distribution integrate surface processes 
occurring over the past 100 – 105 years [Pavich et al., 1986; McKean et al., 1993; Jungers 
et al., 2009; Reusser and Bierman, 2010; West et al., 2013; 2014].  
10Bem accumulates in the top several meters of Earth’s surface, and its 
concentration as a function of depth in soil can provide insight into dominant erosion 
processes [Graly et al., 2010]. Younger or more quickly eroding soils typically have peak 
10Bem concentrations in the top ~20 cm; older or more slowly eroding soils have peak 
concentrations at depths between 50 and 200 cm [Graly et al., 2010]. The pattern of 
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10Bem concentration with depth determines the 10Bem concentration of sediment eroded 
from different depths (e.g., sheetwash vs. landsliding). For example, sediment from a 
large mass movement could be traced through New Zealand’s Waipaoa drainage network 
because it was sourced from tens of meters below the surface and had a very low 10Bem 
concentration [Reusser and Bierman, 2010]. 
 
2.2.2 Excess 210-lead (210Pbex)  
210Pb (t1/2 = 22.2 yr) is a naturally occurring isotope that is part of the 238U decay 
series. 226Ra occurs naturally in most soils and decays to the gas 222Rn. Much of the 222Rn 
gas decays to 210Pb in soil; however, some of it escapes the soil and decays to 210Pb in the 
atmosphere. It is then returned to the surface as 210Pbex, also referred to as “unsupported” 
210Pb, to distinguish it from supported 210Pb, the product of 222Rn decay in soil.  
210Pbex is useful for assessing erosion of the upper ~20 cm of soil occurring over 
the past ~100 years [Bierman et al., 1998; Mabit et al., 2008; 2014]. Undisturbed soils 
typically exhibit an exponential decline in 210Pbex activity with depth; tilled soils exhibit 
lower relative surface activity and less dramatic decline in activity with depth because of 
recent mixing [Walling and Woodward, 1992; Matisoff and Whiting, 2012]. In areas of 
slow to moderate erosion, half-life is a primary control on the geomorphically useful 
timeframe of 210Pbex. In rapidly eroding areas, erosion rate controls the activity of 210Pbex 




2.2.3 137-cesium (137Cs) 
137Cs is a radionuclide released by atmospheric nuclear weapons testing and 
nuclear power plant accidents [Matisoff and Whiting, 2012; Fan et al., 2014]. It was 
primarily deposited globally from the mid 1950’s to the early 1970’s [He and Walling, 
1997]. Due to the timing of deposition, 137Cs activity in soil and sediment shed from the 
landscape reflects erosion and sedimentation that occurred in the time since weapons 
testing took place, providing an effective means of measuring landscape change over the 
past ~60 years. Peak 137Cs activities are typically several centimeters below the surface in 
un-tilled soil and roughly uniform throughout the disturbed layer in tilled soil; in most 
soils, little to no 137Cs is present below ~20 cm depth [Walling and Woodward, 1992; He 
and Walling, 1997; Kaste et al., 2007; Mabit et al., 2008; Matisoff and Whiting, 2012].  
 
2.2.4 Grain size dependence of fallout radionuclides 
Sediment-associated fallout nuclide concentrations depend on grain-size, 
preferentially adsorbing to finer particles [Willenbring and von Blanckenburg, 2010; 
Matisoff and Whiting, 2012]. Whether and to what degree specific surface area, 
mineralogy, and grain size availability affects partitioning between grains is still not well 
understood [Brown et al., 1988; Walling and Woodward, 1992; He and Walling, 1996; 
Shen et al., 2004; Wittmann et al., 2012; Fan et al., 2014]. As such, most studies 
investigating drainage basin erosion with 137Cs and 210Pbex utilize bulk samples of 
suspended, therefore fine grained, sediment for analysis [Walling and Woodward, 1992; 
Mabit et al., 2008; Matisoff and Whiting, 2012; Mabit et al., 2014]. Studies investigating 
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erosion with 10Bem typically select a single grain size fraction to measure [e.g., Reusser 
and Bierman, 2010], perform analysis on bulk suspended sediment [e.g., Belmont et al., 
2014; Stout et al., 2014], or normalize for grain size dependency using the concentration 
of a chosen metal [e.g., Willenbring and von Blanckenburg, 2010].  
 
2.3 Source discrimination and sediment mixing 
Characteristic short- and long-lived nuclide concentrations from specific 
geomorphic settings are used to identify the source of river-borne sediment [e.g., Walling 
and Woodward, 1992; Whiting et al., 2001; Clapp et al., 2002; Reusser and Bierman, 
2010; Belmont et al., 2014; Smith and Blake, 2014]. Deeply penetrating mass movements 
source sediment with low concentrations of 10Bei and 10Bem, a characteristic that can be 
used to identify portions of the landscape dominated by landslides and deep gullies 
[Niemi et al., 2005; Reusser and Bierman, 2010; Savi et al., 2014]. Other process-specific 
relationships provide insight into sediment provenance. For example, different 10Bei 
concentration in sediment above and below propagating knickzones can be used to 
determine the relative sediment contribution of adjusted and unadjusted portions of the 
landscape [Miller et al., 2013; Willenbring et al., 2013]. Site-specific variations in 10Bei 
concentration can allow discrimination between sediment “recycled” from lowland 
storage and that newly generated from uplands [Clapp et al., 2002; Nichols et al., 2005a]. 
Multiple isotope systems can discriminate between sediment sources at the reach 
to small catchment scale, often referred to as “sediment fingerprinting” [Walling and 
Woodward, 1992; Belmont et al., 2014; Smith and Blake, 2014; Stout et al., 2014], but 
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this approach is rarely applied to larger basins (>100 km2). Combined isotopic systems 
are used to determine relative sediment contribution from areas under different land use 
[Collins et al., 1997; Smith and Blake, 2014], surficial and channel sources [Walling and 
Woodward, 1992], sheet and rill erosion [Whiting et al., 2001], and bank, bluff, and 
upland erosion [Belmont et al., 2014; Stout et al., 2014]. In spite of the broad and 
successful application of sediment fingerprinting in small catchments, increasing 
complexity of channel-floodplain interaction can result in 137Cs and 210Pbex decaying over 
long sediment routing times, changing the isotopic character of the sediment and making 
isotopic sediment fingerprinting techniques less certain in large basins [Belmont et al., 
2014].  
Temporal variation in erosion can also be resolved by combining isotopes that 
record erosion over different time periods [O'Farrell et al., 2007; Belmont et al., 2014; 
Mabit et al., 2014; Stout et al., 2014]. Comparisons of erosion rates derived from 210Pbex 
and 137Cs have shown that erosion is often relatively steady over the past ~100 years; 
however, recent land-use change has resulted in discrepancies between 137Cs and 210Pbex 
in some studies [Mabit et al., 2014]. Few studies have combined long-term 10Bei-derived 
or 10Bem measures of erosion with erosion estimates derived from short-lived isotopes; of 
those that have, observed temporal variations are attributed to human influence 
[O'Farrell et al., 2007; Fifield et al., 2010; Stout et al., 2014]. 
10Bei in fluvial sand is used to determine how well rivers mix sediment at the 
reach and basin scale. 10Bei erosion rates will not represent an average of the entire 
contributing area if the sediment flux from contributing sub-basins is not proportional to 
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the long-term rate at which sediment is shed from the landscape [Brown et al., 1995b; 
Bierman and Steig, 1996; Granger et al., 1996]. Clapp et al. [2002], Matmon et al. 
[2003b], and Bierman et al. [2005] assessed downstream sediment mixing using 10Bei in 
100 – 103 km2 basins and found sediment to be well mixed. Conversely, poorly mixed 
sediment was identified at junctions in smaller (<1 – 30 km2) basins and generally 
attributed to insufficient sample distance downstream of the junction, stochastic sediment 
supply (e.g., localized differences in precipitation or mass-wasting), and small catchment 
size [Binnie et al., 2006; Savi et al., 2014]. 
 
3 Context for the use of multiple isotopic systems in this study 
In this paper, we use four different isotopic systems to better understand temporal 
changes in erosion rates of three watersheds that are tributaries to the Mekong River. We 
use 10Bei to quantify long-term erosion rates [Brown et al., 1995b; Bierman and Steig, 
1996; Granger et al., 1996] and to test the efficacy of sediment mixing below stream 
junctions [Binnie et al., 2006; Savi et al., 2014]. In combination with long-term sediment 
yield estimates derived from 10Bei, we use 10Bem to calculate erosion indices, the ratio of 
10Bem atoms exported from a basin to the total number of atoms delivered [Brown et al., 
1988]. Erosion indices provide a means of comparing the flux of 10Bem-bearing regolith 
among basins. 
We use short-lived isotopes to understand recent rates and depths of erosion 
[O'Farrell et al., 2007; Fifield et al., 2010; Stout et al., 2014]. The presence of 210Pbex in 
sediment is a clear indication that sediment is primarily sourced from the uppermost 
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decimeters of regolith [Walling and Woodward, 1992; Matisoff and Whiting, 2012]. The 
presence of 137Cs indicates that sediment was sourced from the shallow regolith and that 
erosion, whether constant or changing over the past 50 years, has not yet removed the 
137Cs-bearing portion of regolith from the sediment transport system [Walling and 
Woodward, 1992; He and Walling, 1997]. The absence of both isotopes indicates either 
high rates of contemporary surface erosion, or sediment sourced primarily from deeper 
erosional features (Figure 2).  
Using the chemical and physical properties of each isotopic system along with 
data about land use, topographic derivatives, and contemporary sediment yield, we 
attempt to decipher the dominant short- and long-term erosional processes in each river 
basin in greater detail than would be possible with only one or two isotopic methods. 
 
4 Field sites 
 We chose the Yongchun, Weiyuan, and Nankai Rivers based on the range in basin 
area (200 – 2500 km2), relative position in the regional N-S gradient in rainfall (Figure 
1c) [Fan et al., 2013], and the availability of long-term records of contemporary sediment 
yield [Schmidt et al., 2011]. We refer to the basins by the station number assigned by 
Schmidt et al. [2011]; the Yongchun River is referred to as basin 35, the Weiyuan River 
as basin 49, and the Nankai River as basin 11. 
The entire study region was subject to wide spread deforestation during the Three 
Great Cuttings [Trac et al., 2007]. The first two cuttings were the result of national 
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policies promoting development through widespread small-scale steel production (~1958 
– 1960’s) and increased agricultural production (1966 – 1976). The third cutting was the 
result of economic changes in the 1980’s that allowed individuals to profit from timber 
harvesting [Hyde et al., 2003]. Since the late 1990’s, however, China has implemented 
several top-down conservation and restoration policies aimed at combating erosion that 
resulted from deforestation, and though considered extremely comprehensive, their 
success is widely debated [Bao, 2006; Trac et al., 2007; Trac et al., 2013]. 
 Basin 35, situated on the southeastern margin of the Tibetan plateau, is a small 
(198 km2) high-elevation watershed, with the lowest mean annual precipitation (MAP = 
869 mm/yr) of the study sites (Figure 1b). Based on field observations of river-borne 
clasts and the available geologic map, the basin is underlain by Triassic granite, shale, 
sandstone, and limestone, Neogene sandstone, mudstone and conglomerate, and 
significant portions of the basin are mantled by Quaternary alluvium [Geology of 
Sanjiang Ministry of Geology and Mineral Resources, 1986]. Basin 35 bifurcates into 
northern and southern arms, with the steeper sub-basins in the southern arm and high-
elevation, low-slope surfaces in the northern arm (Figure 3). In 2012, a large (~30 m tall) 
dam was completed in the southern arm of basin 35 and we observed numerous small 
diversion and check dams as well as out-of- and in-channel gravel mining operations. 
Land use in basin 35 consists primarily of forest, cultivated land, shrubland, and 
grassland. 
 The topography of basin 35 is unique among the basins we sampled, with incision 
along the main-stem of the Mekong overprinting the influence of normal faulting in the 
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basin. Basin 35 was part of a regional high-elevation, low-relief surface formed during 
the Oligocene to early Pliocene [Clark et al., 2006; Liu-Zeng et al., 2008]. A mapped 
NW-SE trending fault offsets formations mapped as Neogene [Geology of Sanjiang 
Ministry of Geology and Mineral Resources, 1986], with normal motion, inferred from 
field observations, occurring after the formation of the low-relief surface. The main- and 
southern-arms of the Yongchun River currently flow along the fault trace (Figure 3). 
Faulting increased relief in the southwestern footwall portion of basin 35, and fault scarp 
knickpoints migrated up the southwestern drainages forming the steep, high-elevation 
topography currently observed. Headward migrating knickpoints from the Mekong 
entered basin 35 after ~9 – 13 Ma [Clark et al., 2005] and began the ongoing process of 
eroding the remaining low-relief landscape on the hanging wall. Knickpoint propagation 
was likely faster along the main- and southern-arms of the river, where incision was 
facilitated by the fault, resulting in less low-relief area on the hanging wall in the 
southern arm.  
 Basin 49 is the largest of the three basins (2508 km2), further south in the regional 
rainfall gradient (MAP = 1050 mm/yr), and lower in elevation than basin 35 (Figure 1). 
Basin 49 consists of a main-stem river that is joined by the western arm near the outlet 
and the eastern arm ~20 km upstream of the outlet. Steep slopes generally prevail 
throughout the basin with gentle slopes limited to valley floors (Figure 3). Field 
observations and geologic mapping indicate that the majority of the basin is underlain by 
Paleogene mudstone, sandstone, and conglomerate, with Cretaceous sandstone and 
siltstone in the western arm and northern-most portion of the basin [Geology of Sanjiang 
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Ministry of Geology and Mineral Resources, 1986]. The western arm of basin 49 holds 
the largest of the dams in the basin (>30 m tall), which was completed in 1990. We also 
observed many mid-sized and smaller dams and diversions throughout the watershed, as 
well as numerous active-channel gravel mining operations. Land use in basin 49 is 
generally either forested or cultivated, with agriculture comprising ~ 22% of the total 
basin area, primarily in valley bottoms (Figure 3). 
 Basin 11 (1006 km2) is the lowest elevation, furthest south, and wettest of the 
three basins (MAP = 1299 mm/yr; Figure 1b). Late Paleozoic-Mesozoic quartz 
monzonite and Proterozoic low- to mid-grade metamorphic rocks primarily underlie the 
basin; however, the northernmost portion of the basin is underlain by Jurassic sandstone 
and siltstone, and valley bottoms are covered by Quaternary fill [Geology of Sanjiang 
Ministry of Geology and Mineral Resources, 1986]. Steeper upland sub-basins and 
expansive low slope valley floors characterize basin 11 (Figure 3). The majority of 
streams are diverted near the mountain-front to irrigate sugar and rice paddies that cover 
the valley floor; the natural river channel in much of the northern arm is completely 
obscured by agriculture and irrigation structures. At least four dams were constructed in 
the upland sub-basins of the watershed, and mining of active channel gravel was common 
where the natural river channel was present. The landscape is primarily cultivated, with 






 Using GIS and remotely sensed data, we selected 54 in-channel sample sites in 
three different drainage basins (Figure 4). Sampled upland sub-basins (n = 25) include the 
full range in mean slopes across all sub-basins over ~5 km2 and include basins with end-
member land uses (i.e., primarily cultivated or forested). We also collected a series of 
samples along major trunk-streams between the uplands and outlet in each basin (n = 29). 
We sampled 13 stream junctions including both incoming tributaries above the junction 
and the channel below the junction. 
 We collected samples of fluvial sediment from point bars, mid-channel islands, 
depositional pools, and channel beds in 2013 immediately prior to the start of the summer 
monsoon. Sample sites were re-evaluated in the field to account for intensive human 
alteration of the channel nearby, including sediment mining. If human alteration was 
present, we moved sampling sites to a more suitable location (usually upstream). We 
field sieved sediment to 250 – 850 µm, the grain-size typically used for 10Bei analysis. All 
analyses were performed on 250 – 850 µm sediment to ensure that each isotopic analysis 
uses the same grain-size fraction, and thus limiting the possibility for grain-size specific 




5.2 Laboratory procedures 
5.2.1 10Bei 
 Bulk aliquots of each sample were purified to isolate quartz using chemical 
etching [Kohl and Nishiizumi, 1992] at the University of Vermont. Prior to Be extraction, 
the purity of isolated quartz was tested using inductively coupled plasma – optical 
emission spectroscopy. Be was extracted from ~5 – 25 g of purified quartz spiked with 
~250 µg of beryl carrier following established procedures [Corbett et al., 2011]. Each 
batch included one process blank and one CRONUS N standard [Jull et al., 2015]. 
10Be/9Be ratios were measured by Accelerator Mass Spectrometry at the Scottish 
Universities Environmental Research Centre [Xu et al., 2010; 2015], normalized to the 
NIST standard with an assumed 10Be/9Be ratio of 2.79 x 10-11 [Nishiizumi et al., 2007], 
and background corrected by the average process blank ratio of 2.64 ± 0.98 x 10-15 (n = 7, 
1 SD). The single replicated field sample agreed to < 1% (Text S1). Erosion rates were 
calculated based on the 10Bei abundance in each sample, effective elevation [Portenga 
and Bierman, 2011], mean latitude, and mean longitude using the CRONUS-Earth online 
calculator (Accessed March 2014; main code v2.2, constants file v2.2.1, global 
production rate) [Balco et al., 2008]. So that we could compare 10Bei concentrations 
directly, we scaled each measured concentration to its sea level and high-latitude 
equivalent using basin-specific production rates (muons and neutrons) provided by the 





 At the University of Vermont, we dried and powdered samples, then extracted Be 
from ~0.5 g of sample adding ~300 – 400 µg of 9Be carrier using a modification of the 
fusion method presented by Stone [1998]. 10Be/9Be ratios were measured and blank-
corrected following the same method as used for 10Bei, except that one process blank was 
run with each batch of 15 unknowns (Text S1). 
10Bem concentration was used to calculate the erosion index of each sampled basin 
[Brown et al., 1988]. The erosion index, , is the ratio of 10Bem leaving the basin on 
sediment to the total 10Bem incident upon the landscape (eq. 1). 
   (1) 
Total nuclide export is the product of the measured concentration of 10Bem in sediment,
, and sediment yield from the basin, . The total 10Bem incident on the landscape is 
the product of basin area, , and delivery rate, , estimated using the model described 
by Graly et al. [2011], which assumes delivery is a function of precipitation and latitude. 
In the absence of modern sediment yield at most sampling sites, we calculated long-term 
sediment yield for each basin using 10Bei-derived erosion rates and basin area. At the 
outlet of each basin, we used the contemporary sediment yield record to calculate 
contemporary erosion indices, which we compare with those calculated using long-term 
erosion rates. 
 Varying 10Bem delivery rates ( ) in the study area, which are a function of 
latitude and precipitation [Graly et al., 2011], complicate the direct comparison of 
measured 10Bem concentrations. Thus, we scale 10Bem concentrations by the ratio of the 
I






basin delivery rate to the lowest estimated delivery rate of all the sampled basins (8.79 x 
105 atoms cm-2 yr-1) to calculate normalized 10Bem concentrations, thereby allowing us to 
compare trends in the 10Bem concentrations of samples.  
 
5.2.3 137Cs and 210Pbex 
Dried samples (250 – 850 µm grain size) were placed in sealed containers for 21 
days to allow radon to reach secular equilibrium with radium [Mabit et al., 2014] and 
then counted for 24 – 96 hours using a Canberra broad energy germanium detector 
(Model BE3830) at Oberlin College. 210Pbex was determined after correcting for 
supported 210Pb estimates based on the activity of 214Pb at 295.2 and 351.9 keV and 214Bi 
at 609.3 and 1120.3 keV, both daughters of 226Ra. 137Cs was determined directly. Total 
counts were determined by subtracting instrument background measurements for the 
same peak area used to quantify the nuclides. We used Angle 3.0 software to determine 
detector efficiency, including corrections for differences in sample geometry and 
composition [Jovanovic et al., 2010]. Composition was determined by whole sample 
XRF analysis of sediment collected at the outlet of each basin at the College of Wooster’s 
X-Ray Lab; variation in composition had an inconsequential effect on results. Any 
measurement of 137Cs where the error in peak area is ≥50% at 1 SD is considered below 
the operational detection limit of the instrument. Our approach for determining the 210Pbex 
detection limit is the same as for 137Cs; however, estimating supported 210Pb and 210Pbex 
compounds the error, resulting in higher 210Pbex error overall, particularly in samples with 
a low ratio of 210Pbex to supported 210Pb [Mabit et al., 2008].  
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The affinity of 10Bem, 210Pbex, and 137Cs for finer grained sediment means that the 
activity we measure on 250 – 850 µm sized sediment is likely an under-estimate of total 
activity in sediment leaving the watershed [Brown et al., 1988; He and Walling, 1996; 
Matisoff and Whiting, 2012; Wittmann et al., 2012]. Thus, samples that fall below the 
detection limit of our methods indicate only the absence of detectable nuclides in the sand 
fraction. 
 
5.3 Digital data 
We use 30 m resolution digital elevation models generated by NASA and METI’s 
ASTER GDEM program [NASA LP-DAAC, 2012] as the basis for calculating total basin 
relief, slope, and normalized channel steepness (ksn). We use precipitation data provided 
by the APHRODITE program, a collaboration between the Research Institute for 
Humanity and Nature Japan and the Meteorological Research Institute of Japan 
Meteorological Agency. We use version APHRO_MA_V1101, which consists of daily 
0.25° gridded precipitation data from 1951 to 2007 [Yatagai et al., 2012]. Although it 
does not have the highest spatial resolution, APRHODITE provides the most accurate 
rainfall estimates of available datasets for this region [Andermann et al., 2011]. Land-use 
data is from the GLC30 land cover dataset and represents 30 m resolution land cover 
from 2010 derived from Landsat TM, ETM+, and Chinese HJ-1 multispectral satellite 
images and a suite of auxiliary data sources [Chen et al., 2015].  
34 
 
We calculate channel steepness using longitudinal river channel profiles derived 
from the DEM. The channel slope (S) and drainage area (A) of a fluvial channel are 
typically related through the power-law [Flint, 1974] (eq. 2): 
   (2) 
where ks is the steepness index and θ is concavity. Channel steepness index, ks, is highly 
sensitive to variation in θ, a complication we correct for by using a reference concavity 
for all basins of θ = 0.45, allowing us to derive normalized channel steepness (ksn) in 
place of ks [Wobus et al., 2006]. We average ksn in all channel segments (1 km long) 
where A > 1 km2, and present basin-wide mean and median ksn. 
 
5.4 Sediment mixing 
We assess sediment mixing at 13 stream junctions in basins 35 (n = 5), 49 (n = 6), 
and 11 (n = 2) by measuring each isotope in sediment from the contributing streams 
above the junction as well as in sediment collected 100 – 1650 m downstream of the 
junction. For each isotope, the upstream concentrations are used to model the 
concentration downstream of the junction, , using the area weighted average (eq. 3): 
   (3) 
where  is the nuclide concentration of upstream sample ,  is the 10Bei–derived 
erosion rate, and  is the area [Granger et al., 1996]. The modeled concentration is then 
compared to the concentration measured downstream of the junction; if the modeled 
S = ksA−θ
N
N = N jEjAj∑ EjAj∑




concentration falls within error (2 SD) of the measured concentration, we consider the 
sediment below the junction to be adequately mixed.  
 
5.5 Contemporary sediment yield 
 We use previously reported contemporary sediment yield values [Henck et al., 
2010; Schmidt et al., 2011] (Table 1), and compare them to long-term sediment yield 
results from 10Bei erosion rates. To convert from rate of landscape lowering to sediment 
yield we assume a rock density of 2.7 g/cm3. The most recent contemporary sediment 
yield measurements date from 1987, prior to the construction of the majority of the large 




 We measured a wide range of 10Bei concentrations in basin sediment. Normalized 
to sea level and high latitude by considering basin hypsometry [Portenga and Bierman, 
2011], 10Bei concentration ranges from 1.66 – 26.8 x 104 atoms/g, and the distribution has 
significant positive skew (Figure 5a). Basin 49 has the lowest normalized 10Bei 
concentrations (mean = 3.55 ± 1.23 x 104 atoms/g, all errors given as 1 SD except where 
otherwise noted), followed by basin 11 (mean = 8.63 ± 3.16 x 104 atoms/g). Basin 35 has 
the greatest range of normalized 10Bei concentrations, over an order of magnitude, and a 
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significantly higher mean normalized concentration (mean = 10.5 ± 8.31 x 104 atoms/g) 
than the basins 11 and 49 (Figures 5a; S1).  
 Within basin 35, the highest concentrations of 10Bei are found in sub-basins that 
primarily drain high-elevation, low slope surfaces (Figures 3 and 6) found in the northern 
and eastern portions of the basin. The lowest concentrations are found in sub-basins in 
the southern arm of the basin. Basin 49 has generally low concentrations throughout the 
main-stem and eastern arm of the basin, and higher concentrations in the western arm and 
its sub-basins (Figure 6). Basin 11 is characterized by relatively uniform concentrations 
in sub-basins draining valley floors and the northern upland sub-basins, with notably 
lower concentrations in upland sub-basins in the southern arm (Figure 6). 
 
6.2 10Bem  
 10Bem concentrations, normalized for delivery rate, span two orders of magnitude, 
from 0.56 – 64.6 x 107 atoms/g, and have significant positive skew (Figure 5b).  Similar 
to the normalized 10Bei results, basin 49 has the lowest average normalized 10Bem 
concentration, followed by basin 11 (means of 1.12 ± 0.43 and 2.65 ± 1.53 x 107 atoms/g 
respectively, 1 SD; Figure 5b). Basin 35 not only has a higher mean concentration than 
basins 11 and 49 (mean = 14.1 ± 16.0 x 107 atoms/g), but a broader range of 
concentrations as well (Figure 5b). 
 Within basin 35, 10Bem concentration is generally higher in the northern high-
elevation, low slope basins than in the southern arm; however, sample CH-010 in the 
southern arm has an extremely high 10Bem concentration (over 3 fold higher than the 
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basin mean). In basin 49, samples along the main-stem and at the confluence of the main-
stem and western arm are generally low in concentration, while upland basins and the 
eastern arm exhibit higher concentrations of 10Bem (Figure 6). Basin 11 shows uniform, 
relatively high 10Bem concentrations in samples draining the valley floors, while most 
upland basins have somewhat lower concentrations (Figure 6). 
 
6.3 137Cs and 210Pbex 
 137Cs was only detected in three samples, CH-013, -016, and -017, all of which 
are from basin 35 and drain the high-elevation, low-slope surface (Figure 6). All other 
samples contained no measureable 137Cs activity. 210Pbex was detected in 40 of the 54 
samples analyzed. Activities above the detection limit ranged from 2.33 – 15.6 Bq/kg 
(Figure 5c). Basins 35 and 49 have a similar range of 210Pbex activity and number of 
samples in which 210Pbex is not detectable; basin 11 has fewer samples where 210Pbex is 
below detection and a higher mean activity than basins 35 and 49 (Figure 5c).  
 Measured 210Pbex activity in basin 35 is highest in the lowest slope sub-basin of 
the northern arm (CH-013), and decreases downstream until the junction with the 
southern arm. No samples in the southern arm contain measureable 210Pbex except for 
CH-011 and -009 (Figure 6). Sediment in basin 49 has generally low or un-detectable 
210Pbex activity along the upper main-stem, and activity is higher in most of the upland 
sub-basins in the eastern and western arms and near the outlet on the main-stem than 
elsewhere in the watershed (Figure 6). 210Pbex activity is lower in upland sub-basins of the 
southern arm of basin 11 than the valley floor; however, 210Pbex activities in the upland 
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sub-basins of the northern arm do not vary systematically (Figure 6). The outlet of basin 
11 does not have measureable 210Pbex.  
 
6.4 Relationship between nuclides 
 A significant positive correlation exists between the concentration of normalized 
10Bei and normalized 10Bem; however, neither 10Bem nor 10Bei correlate well with 210Pbex 
activity (Figure 7). A linear bivariate regression indicates 69% of the variation in 
normalized 10Bem is explained by the concentration of normalized 10Bei (p < 0.0001), 
after excluding an anomalously high 10Bem value. Bivariate plots of normalized 10Bei and 
10Bem with 210Pbex do not show any significant patterns, regardless of the inclusion of 
samples below the detection limit. 
 
6.5 Sediment mixing 
 Using 10Bei, we find that sediment is well mixed at 5 of 13 junctions, and is close 
(within 6% at 2 SD) at 3 other junctions (Figure 8). All of the junctions measured in basin 
49 mix well, while only one junction in each of basins 35 and 11 are well mixed.  
Sediment mixing considering 10Bem displays similar trends to 10Bei, though with differing 
magnitudes (Figure 8). Four junctions mix adequately using 10Bem, and one junction is 
within 3% of mixing adequately at 2 SD. Of the 5 junctions that mix well using 10Bem, 4 
of those are junctions that also mix well using 10Bei. Large uncertainties and the absence 
of measureable 210Pbex in some mixing samples limit the utility of 210Pbex as a tracer of 




7 Discussion and conclusions 
 We interpret and discuss data in a step-wise fashion. First, we show that sampling 
location is the most important factor in how well sediment mixes at junctions. Then, 
using available isotopic, sediment yield, topographic, and climatic metrics, we determine 
that landscape transience, hillslope and channel steepness, and extent of agriculture 
employed control erosion in the study basins. Finally, we conclude by considering 
erosion in the context of Chinese land-use policy and the benefits and limitations of 
measuring four different isotopic systems in the same samples.  
 
7.1 Sediment mixing 
Considering each of the three basins as a whole, sediment in the study area 
appears well mixed (Figure 9). In each of the three basins, the concentration of 10Bei 
converges on the mean basin concentration as sub-basin size increases, indicating that 
sediment mixing is sufficient for estimating 10Bei erosion rates [Matmon et al., 2003a; 
Bierman et al., 2005; Wittmann et al., 2007]. When mixing is considered at stream 
junctions, however, not all junctions mix well (Figure 8). 
We consider three primary controls on the efficacy of sediment mixing below 
stream junctions: stochastic events, human influence, and sample site location. Because 
no evidence of significant landslides in the field was observed, and because precipitation 
is primarily delivered by monsoons [Henck et al., 2010] that uniformly affect all field 
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sites, we consider stochastic events [e.g., Binnie et al., 2006; Godard et al., 2012; Savi et 
al., 2014] an unlikely explanation of poor mixing in our field area.   
Anthropogenic activity can take the form of either land use or channel alterations. 
Because no robust relationship between sediment mixing efficacy at junctions and land-
use metrics is found (Figure S3), it appears that land use has little influence on mixing.  
In contrast, a large dam directly above a tributary junction (Junction ID 35.1) reduced 
sediment supplied by that tributary to sample site CH-021 from ~80% to ~20% of the 
total flux (Figures 8; 10). Thus, we disregard samples collected below this junction (CH-
001, -023) in further interpretation of erosion rates and erosion indices.  
The best explanation for incomplete sediment mixing below tributary junctions 
appears to be sample location (Figure 10). We find that the greater the difference in basin 
area between the downstream sample site and the total area of upstream samples 
(hereafter termed residual area), the greater the disagreement between modeled and 
measured 10Bei concentrations. Residual area accounts for sediment mixing with distance 
below the junction [Binnie et al., 2006; Savi et al., 2014] while also quantifying the area 
from which sediment not included in the upstream samples can be sourced. 
There is no clear explanation for why 10Bei and 10Bem mix differently (Figure 8); 
however, difference in sediment grain stability is one possibility. 10Bei is measured in 
quartz sand, an abundant and stable component of most river sediment. 10Bem (and other 
fallout radionuclides) is measured on all grains in the 250 – 850 µm grain size fraction. 
Many of the samples we collected contain aggregate grains, which likely contain 
proportionately more of the total 10Bem than single grains [Wittmann et al., 2012], and are 
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less stable than quartz sand. Disaggregation of sediment grains over short distances (i.e. 
between upstream and downstream samples) [Dyer and Olley, 1999] would cause non-
conservative behavior of 10Bem and other fallout radionuclides, resulting in less accurate 
mixing models. 
Furthermore, mixing results for 210Pbex are hindered by the timescale over which 
we are measuring sediment fluxes (Figure S2). Mixing analyses rely on sediment flux 
information, which in our case is taken from 10Bei data. However, the short timescale 
over which 210Pbex integrates likely requires sediment flux data over the same period of 
time. 
 
7.2 Interpreted erosion rates and indices 
Across the study basins, 10Bei-derived erosion rates range from 12 – 209 mm/kyr 
with an area-weighted mean of 117 ± 49 mm/kyr and median of 74 mm/kyr. Compared to 
the highly skewed global dataset, these ranges fall between the mean of 218 mm/kyr and 
median of 54 mm/kyr [Portenga and Bierman, 2011] and below the mean and median 
erosion rates reported for the mainstem Mekong between ~25 – 30° N (152 and 131 
mm/kyr, respectively, as calculated using CRONUS) [Henck et al., 2011].  
In basin 35, erosion rates vary from 12 – 209 mm/kyr, with an area-weighted 
mean of 51 ± 57 mm/kyr and median of 38 mm/kyr. Erosion rates in basin 49 are 
generally higher, from 55 – 193 mm/kyr with an area-weighted mean of 128 ± 34 mm/kyr 
and similar median value (122 mm/kyr). Basin 11 has the lowest rates of erosion, 21 – 83 
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mm/kyr, with an area-weighted mean of 50 ± 15 mm/kyr and median of 48 mm/kyr 
(Figure 11). 
 Erosion indices, the ratio of the long-term average 10Bem exported from a basin to 
the estimated flux of 10Bem into the basin (eq. 1), range from 0.09 – 7.55 over the three 
basins, however 7.55 represents an anomalously high value (Figure 11). Basin 35 has the 
highest erosion indices, from 0.68 – 7.55 with a mean of 1.65 ± 1.80 and median of 1.05. 
Basins 49 and 11 differ from basin 35 and have similar ranges and central tendencies, 
with means of 0.39 ± 0.14 and 0.39 ± 0.23 and medians of 0.37 and 0.35, respectively 
(Figure 11).  
The low erosion indices for basins 49 and 11 suggest that over the timescale of 
the 10Bei-derived erosion rates, 10Bem is accumulating on these landscapes, likely through 
sediment storage or soil formation. In contrast, on average, basin 35 is exporting more 
10Bem than is entering the system, possibly as a result of the tectonic activity and 
subsequent acceleration of erosion due to knickpoint propagation and/or mining of stored 
sediment in the watershed. 
 
7.3 Discussion of the dominant erosional processes in basins 35, 11, and 49 
7.3.1 Basin 35 
In basin 35, landscape evolution is the primary control of 10Bei erosion rates, 
10Bem concentrations, erosion indices, and short-lived isotope activities. Faulting and 
baselevel fall from Mekong River incision created a transient landscape with streams 
draining three different sub-landscapes: high-elevation low-relief, actively-adjusting, and 
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the footwall of the fault (Figure 12a). Mixing of sediment from the low-erosion rate, 
high-elevation low-slope landscape with sediment from the more rapidly eroding, 
actively-adjusting and footwall landscapes has resulted in erosion rates that scale non-
linearly with elevation, a proxy for proportion of low-slope area (Figure 12b). Basins 
with mean elevations >3000 m have lower erosion rates, 12 – 38 mm/kyr, than basins 
draining proportionally less relict landscape (mean elevations <3000 m), 50 – 209 
mm/kyr, confirmed by a Wilcoxon rank-sum test (p = 0.003). Similar results have been 
found using 10Bei elsewhere in landscapes adjusting to baselevel fall [Willenbring et al., 
2013], and in measured 10Bei erosion rates above and below knickpoints [Miller et al., 
2013].  
In contrast to other studies comparing ksn and erosion rate [Ouimet et al., 2009; 
DiBiase et al., 2010; Vanacker et al., 2015], we observe a non-linear decrease in erosion 
rates as mean basin ksn increases (Figure 12c). However, as found in other studies [e.g., 
Granger et al., 1996; Montgomery and Brandon, 2002; Binnie et al., 2007; Ouimet et al., 
2009; DiBiase et al., 2010; Vanacker et al., 2015], erosion rates increase non-linearly 
with increasing mean basin slope (Figure 12c). This implies that erosion rates lag behind 
channel steepening and only increase after channel incision has lowered hillslope 
baselevel and steepened slopes. 
Normalized 10Bem concentrations are highest in low-erosion-rate basins primarily 
draining the low relief area, and lowest in high-erosion-rate basins draining the footwall 
(Figure 12d). Sample CH-010, which has an anomalously high 10Bem concentration, is a 
notable exception. With erosion indices, we again observe higher indices in steeper sub-
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basins as well as non-linear scaling with slope, similar to erosion rate; however, the trend 
is not as well defined (Figure 12e). This may be the result of a slightly faster response of 
erosion index to steepening slopes than erosion rate due to higher 10Bem concentrations in 
near-surface regolith. The mean erosion index of 1.65 ± 1.80 for basin 35 is higher than 
those observed in basins 49 and 11, and indicates that basin 35 is exporting more 10Bem 
than is delivered [Brown et al., 1988]. This is most likely due to the ongoing erosion, 
through knickpoint propagation, of the more stable low relief surface that contains a large 
inventory of 10Bem.  
The short-lived nuclides, 210Pbex and 137Cs, have concentrations that reflect long-
term erosion rates. We measured little 210Pbex in the rapidly eroding southern arm; in 
contrast all samples in the northern arm contain measureable 210Pbex (Figure 6). Likewise, 
the three samples draining primarily low-relief landscape each contain measureable 137Cs. 
This implies that not only have these low relief surfaces remained stable over the 
integration time of 10Bei, but they have remained stable over the past 50 – 100 years as 
well.  
While broad patterns in 10Bem concentration and short-lived isotope activity are 
explained by long-term erosion, these isotopes exhibit variability that is not explained by 
long-term processes driving landscape evolution. Examples include the anomalously high 
10Bem concentration of CH-010, and the presence of 210Pbex in the most rapidly eroding 
basin (CH-011) whereas it is absent in some basins eroding at more modest rates (Figures 
6; 11). It is unlikely that land use is the primary driver of unexplained short-lived 
variability because only ~15% of basin 35 is cultivated land (Figure 3). More likely, 
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stochastic erosion of the actively adjusting landscape has elevated long-term sediment 
yield to twice the contemporary sediment yield [e.g., Kirchner et al., 2001], which is also 
reflected in the contemporary erosion index and suggests that modern 10Bem export does 
not exceed the rate of deposition (Table 1). Comparison of modern sediment export to 
“background” export is complicated by the large dam at the junction of the north and 
south arms, which has likely caused an underestimate of the long-term sediment yield 
derived from 10Bei-erosion rates. This suggests that the recurrence interval and/or 
magnitude of stochastic events are greater than the data imply.  
 
7.3.2 Basin 49 
In basin 49, there is a strong signal of human impact. Cultivation (23% of total 
basin area) appears to be altering erosion rates and sediment sources on both short and 
long timescales and introducing low-nuclide-activity sediment into stream channels. We 
detected no 137Cs and little 210Pbex in fluvial sediment from basin 49, suggesting that 
erosion was rapid over the past 50 – 100 years, most likely due to deforestation for 
agriculture. This inference is supported by a modest negative relationship between 
cultivated area and samples with detectable 210Pbex (R2 = 0.36, p = 0.007; Figure 13). The 
weak positive relationship of cultivated area to erosion index and erosion rate (R2 = 0.27 
and 0.21, p = 0.01 and 0.02, respectively) suggests that erosion is deep enough in some 
cultivated areas that regolith from ≥ ~0.5 m below the surface is now being supplied to 
channels [Pavich et al.; Brown et al., 1995b; Bierman and Steig, 1996; Granger et al., 
1996; Perg et al., 2001; Jungers et al., 2009]. 
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Considered together, relationships between cultivation and short- and long-term 
measures of erosion imply that much of the sediment carried by rivers is sourced from 
cultivated portions of the landscape, which are eroding more quickly than uncultivated 
areas. However, contemporary sediment yield and erosion index agree well with long-
term sediment yield (Table 1), suggesting either that rates of sediment transport have not 
increased and the isotopic signature we observe is due only to a change in sediment 
source, or that much of the sediment shed from agricultural fields is stored and/or was 
exported after the gauging period, ending in 1987 [Walling, 1983; Parsons and Foster, 
2011; Nichols et al., 2014].  
In basin 49, no single topographic or climate metric (i.e., mean slope, mean ksn, 
median ksn, basin relief, MAP) is well correlated with erosion rate, erosion index, or 10Bem 
concentration. Instead, we observe modest and statistically significant relationships (R2 = 
0.18 – 0.55, p < 0.05) between each isotopic indicator of long-term erosion and the 
topographic and climate metrics considered (Figure 13); combining parameters does not 
improve regressions. Bivariate relationships may be altered by the recent introduction of 
agriculturally derived sediments to the channel network. 
 
7.3.3 Basin 11 
Basin 11 is heavily cultivated (48% of land use) and the original river channel is 
mostly obscured by these land-use changes; specifically, many terraces that are flooded 
to grow rice cover the floor of the basin.  Upland hillslopes in basin 11 are impacted by 
land uses shown to result in elevated surficial erosion [Sidle et al., 2006], including forest 
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conversion to agriculture, pasture and shrubland, and tea and rubber plantations (Figure 
14). Agricultural terraces cause sediment deposition on the tread, while sediment is 
exported from the terrace by eroding walls [Foster and Highfill, 1983; Inbar and Llerena, 
2000]. The few remaining valley floor channels are incised well below the elevation of 
surrounding terraces (Figure 14c). Contemporary sediment yield is 50% lower than the 
long-term mean (Table 1), strongly suggesting terraces are a net sediment sink in basin 
11, as is observed with mill-ponds in the eastern US [Walter and Merritts, 2008]. 
The results of 10Bei analyses likely reflect this human impact on the landscape. In 
contrast to basins 35 and 49, in basin 11, few topographic or climate metrics are 
correlated to isotopic measures of erosion.  Erosion rate does have a modest negative 
relationship with MAP (R2 = 0.43, p = 0.008), while both erosion index and 10Bem 
concentration have a weak positive relationship with basin relief (R2 = 0.33, p = 0.025 for 
both; Figure S3). We do not observe any difference in topographic and precipitation 
relationships with long-term erosion when upland samples are considered separately from 
valley floor samples. The contemporary erosion index for basin 11 is significantly lower 
than the long-term erosion index, indicating current 10Bem export is below the long-term 
average (Table 1). Overall, long-term erosion in basin 11 is lower than in basins 35 and 
49 (area-weighted mean = 50 mm/kyr), and is consistent with its relatively lower slopes 
[Portenga and Bierman, 2011].  
The distribution of short-lived nuclides in basin 11 reflects human impacts in both 
the uplands and lowlands.  Since the end of 137Cs deposition, land-use driven surficial 
erosion likely reduced the activity of 137Cs (and 210Pbex) in hillslope soils (as we observed 
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in basin 49). When sediment shed from disturbed upland slopes is deposited on a terrace, 
it contains little to no 137Cs or 210Pbex.  However, fluvial sediment sampled in basin 11 
has high 210Pbex activity (Figure 5) and no measureable 137Cs.  To explain this, we suggest 
a conceptual model that describes the transport path of sediment through the basin: 
sediment shed from hillslopes is deposited on a terrace tread via river diversion, where it 
is stored until the terrace wall fails and the surficial sediment from the tread of the terrace 
is used to repair the wall. Sediment continues to move downslope through the terrace 
network in this fashion, with 210Pbex accumulating as long as grains are in the upper few 
cm of soil. When sediment is finally returned to the river channel, it contains significantly 
more 210Pbex accumulated during transport through the terrace network. Higher 
concentrations of 10Bem and 210Pbex further downstream (with the dredged outlet area as 
an exception) are consistent with this interpretation (Figure 15). This interpretation treats 
agricultural terraces similarly to a large floodplain where proportionally little sediment is 
exported from the basin directly without storage [Lauer and Willenbring, 2010; Belmont 
et al., 2014]. The result is a net sediment sink that captures coarse and fine grains equally 
and periodically exports sediment enriched in fallout radionuclides from the upper few 
cm of the terrace. 
 
7.4 Implications and conclusions 
Substantial work has been done using a variety of isotopes measured in fluvial 
sediment in order to deduce long-term erosion rates resulting from natural processes [e.g., 
Bierman and Nichols, 2004], contemporary erosion from human disturbance [e.g., 
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Matisoff and Whiting, 2012], and to isolate contemporary sources of sediment [e.g., 
Belmont et al., 2014]. Each approach captures a critical component of the global 
transition from natural to human-dominated landscapes [Hooke, 2012]. By combining the 
ability of 210Pbex and 137Cs to detect short-term and human induced erosion with the 
ability to assess long-term natural erosion from 10Bei and 10Bem, we increase the temporal 
resolution of erosion to include timescales that are often considered by separate studies. 
While the potential power of each isotope is significant, it is not realized in all situations, 
resulting in complex interpretations but with broader applicability in less well-
constrained study areas than a single isotope system. 
In this study, two isotopes provide the majority of the interpretive power for 
comparing long-term vs. short-term behavior: 10Bei and 210Pbex. 10Bei provides long-term 
erosion rates that are a critical reference for contextualizing contemporary changes 
[Hewawasam et al., 2003; Reusser et al., 2015], while 210Pbex is most useful for assessing 
contemporary erosion due to its relative ubiquity in our samples compared to 137Cs. The 
absence of 137Cs still provides meaningful information regarding contemporary erosion, 
however, and is of particular utility due to its well-constrained deposition time, which can 
provide insight into short-term changes in erosion when combined with 210Pbex [Mabit et 
al., 2014]. Overall, 10Bem provided the least critical information for interpreting erosion. 
10Bem, and the erosion indices calculated from it, clearly relate to topographic, climate, 
and land-use factors dominating erosion in the lower Chinese Mekong River basin; 
however, the link between 10Bem and erosion rate/process is more complex than with 
10Bei, making its interpretation less straightforward. Without a better understanding of the 
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relationship between 10Bem concentration in stream sediment and erosion rate and/or 
process [cf. von Blanckenburg et al., 2012] similar future applications of multiple 
isotopes in detrital sediment may not see a significant benefit in including 10Bem.  
Considering all the data and what we know about the four different isotopic 
systems together, we propose a scenario consistent with our data and what is known 
about Chinese land-use policy over the past century. The absence of measurable 137Cs in 
almost all of our samples suggests rapid agricultural erosion over the past 60 years, 
sufficient to remove up to 20 cm of soil (the average penetration depth of 137Cs), but not 
deep enough to alter the concentration of 10Bei in all but the most extreme cases.  In 
contrast, the presence of 210Pbex in many samples that have no detectable 137Cs suggests 
that erosion slowed enough, after the peak of 137Cs deposition in the 1950s and 1960s, to 
allow 210Pbex accumulation. This peak in erosion corresponds well with national 
programs (the Three Great Cuttings) that promoted extensive forest clearance in China 
during the 1950s through the 1980s [Schmidt et al., 2011]. Reduced erosion rates since 
that time corresponds with national programs promoting reforestation and restricting 
agriculture on steep slopes [Trac et al., 2007; Urgenson et al., 2010; Trac et al., 2013]. It 
appears that national land-use policies play an important role in managing shallow (<20 
cm) surficial erosion in China [Yang et al., 2002] and that the effect of these policies can 
be detected by measuring a variety of isotopes in detrital sediments. 
Erosion need not be and is likely not spatially uniform. In landscapes altered by 
humans, contemporary erosion is generally focused in agricultural areas [Sidle et al., 
2006; Wilkinson and McElroy, 2007; Hooke, 2012]. Focused erosion to depths of a few 
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tens of cm provides sediment with only low activities of short-lived nuclides. Such 
shallow erosion minimally effects 10Bei concentration because soils are usually stirred 
(and the 10Bei concentration is homogeneous) far deeper than the penetration depth of 
short-lived nuclides (Figure 2) [Jungers et al., 2009]. Thus, measurement of multiple 
nuclides in detrital sediments can both fully realize the potential of 10Bei to provide long-
term, background erosion rates and use short-lived nuclides to interpret changes in 
erosion over human timescales and in response to changing land-use policy. 
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35 24 198 124 250 0.50 0.63 1.27 
49 22 2508 303 285 1.06 0.27 0.25 
11 23 1006 64 128 0.50 0.40 0.80 
1 Calculated from data presented by Henck et al. [2010] and Schmidt et al. [2011] 
2 A large dam completed in 2012 at the junction of the north and south arms of basin 35 has 
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Figure 1. Inset shows the region of interest within Southeast Asia (a), and primary panels 
show the locations of the basins sampled, topography (b) [NASA, 2012], and mean annual 
precipitation (c) [Yatagai et al., 2012]. 
 
Figure 2. Idealized diagram of typical isotopic activity with depth below the surface for 
10Bei, 10Bem, 137Cs, and 210Pbex. Two profiles are given for 10Bem: one shows a sub-
surface maximum common in well developed, slowly eroding soils, and the other an 
exponential decline typical of poorly-developed, quickly eroding soils [Graly et al., 
2010]. The column on right lists erosional processes and their expected erosional depths. 
Accumulation depths modeled from Walling and Woodward [1992], Perg et al. [2001], 
and Graly et al. [2010]. The inset shows the time over which each isotope integrates 
erosion, as well as the time frame covered by sediment yield and land-use data included 
in this study. 
 
Figure 3. The topography, hillslope angle, mean basin ksn of the contributing area for each 
sample, and land use of basins 35, 49, and 11. Pie charts show the percentage of each 
land-use category in the basin, with the percentage of the most prevalent land-use noted 
on the chart. Topography, ksn, and slope angle are derivatives of 30 m ASTER DEM’s 
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(NASA, 2012), and land use is provided by GLC30 [Chen et al., 2015]. In basin 35, the 
yellow line denotes the boundary between adjusting and relict landscape, and the red line 
denotes an east-down normal fault (dotted where inferred from field observations, solid 
where mapped [Geology of Sanjiang Ministry of Geology and Mineral Resources, 1986]). 
 
Figure 4. Map shows the location, basin boundary, and sample ID for each sample in 
basin 35 (a), 49 (b), and 11 (c). 
 
Figure 5. Bar-and-whisker plots and histograms of normalized 10Bei (a) and 10Bem (b) 
concentrations and activity of 210Pbex (c) for each basin as well as combined. The number 
of samples for which 210Pbex is below the detection limit in each basin are listed below 
the data (c). The lower and upper limits of the central boxes indicate the 1st and 3rd 
quartiles, respectively, the central line indicates the median, and the whiskers extend to 
1.5 times the inter-quartile range. The grey line indicates the grand mean of all samples. 
 
Figure 6. Maps show the normalized concentration of 10Bei and 10Bem, and activity of 
210Pbex in basins 35, 49, and 11. The three samples containing 137Cs are indicated by 
arrows and activity. Concentration and activity are reported and mapped as the value for 




Figure 7. Bivariate plots of normalized 10Bei and normalized 10Bem (a), normalized 10Bei 
and 210Pbex (b), and normalized 10Bem and 210Pbex (c). Plots include all samples, and an 
anomalously high 10Bem concentration is shown as a diamond and excluded from the 
regression in 7a. For dsiplay purposes, samples below the 210Pbex detection limit are 
shown as zero. 
 
Figure 8. Plots showing the measured and modeled concentrations of 10Bei and 10Bem at 
each junction in log-log space. The 1-1 line on each plot represents complete mixing, and 
samples which intersect the line within error (shown as 2 SD) are considered adequately 
mixed, and a red data point indicate the sample is well mixed or within 6% of well 
mixed. 
 
Figure 9. Plots showing the normalized sub-basin area and 10Bei concentration of all 
samples in each basin and the mean 10Bei concentration of each basin shown as a dashed 
line. Samples collected below junction 35.1, shown as sqaures, are excluded from the 
calculation of mean concentration in basin 35, and are shown for reference only. 
 
Figure 10. A plot of the fraction residual area and the absolute fraction difference in 
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mixing between the measured and modeled 10Bei concetrations. Junction 35.1, which is 
affected by a dam, is not included in the regression. Error bars show convolved mixing 
and measurement error at 2 SD. 
 
Figure 11. Maps showing erosion rate and erosion index for the entire contributing area at 
each sample site. Samples below junction 35.1 are not shown due to a dam immediately 
above the junction. Bar-and-whisker plots show the distribution of erosion rates and 
erosion indices by basin. The lower and upper limits of the central boxes indicate the 1st 
and 3rd quartiles, respectively, the central line indicates the median, and the whiskers 
extend to 1.5 times the inter-quartile range. 
 
Figure 12. Channel profiles for sampled sub-basins within basin 35 and erosion rates by 
distance from the outlet (A). Channel profiles end where the upstream area falls below 
~0.54 km2. Scatter plots show relationships between elevation, slope, and erosion rate 
(B), mean ksn and erosion rate (C), erosion rate and normalized 10Bem concentration (D), 
and erosion rate and erosion index (E). The anomalously high sample in plots D and E is 
CH-010. 
 
Figure 13. A scatter plot matrix showing the relationships between land use, climate, and 
topographic metrics and isotopic erosion metrics. Plots with grey backgrounds do not 
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yeild statistically signficant linear regressions, and plots with white backgrounds yield 
linear regressions significant to p<0.05. For display purposes, samples with 210Pbex below 
the detection limit are shown as zero, and are excluded from regression analysis. For full 
correlation matrix see table S3. 
 
Figure 14. Photographs taken from basin 11 in 2013 during sampling. Phtographs show 
typical upland land use near samples CH-062, -063, and -064 (A), mid-elevation and 
lowland land use near sample CH-077, looking S-SW (B), and a heavily incised channel, 
with person in foreground for scale, at sample CH-068 (C). 
 
Figure 15. Scatter plot shows the concentration of 10Bem (filled circles), and the activity 
of 210Pbex (hollow circles) by the sample distance upstream of the basin outlet. For 
display purposes, 210Pbex samples below the detection limit are plotted as zero.
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 Chapter 3: Conclusions 
1 Conclusions 
Analysis of 10Bei, 10Bem, 210Pbex, and 137Cs measured on fluvial sand provides 
significant insight into long- and short-term controls on erosion in the lower Chinese 
Mekong River and highlights the utility of using multiple isotopic methods for tracking 
erosion.  
In the Yongchun River (Basin 35), tectonic uplift has resulted in a transient 
landscape where headward migrating knickpoints are eroding a low-slope, high-elevation 
landscape. This landscape erodes at an order of magnitude slower rate over the long-term 
than the actively adjusting landscape. The proportion relict landscape, and thus slope 
steepnees, in a sub-basin is the primary control of long-term erosion, and hillslope 
steepness is the best topographic indicator of erosion. Channel steepness is greatest in 
sub-basins containing a significant portion of relict landscape, and the data show a lag 
between channel incision from knickpoint migration and hillslope steepening, which 
drives overall erosion of the watershed. Knickpoint migration exerts a broad control over 
short-lived isotope activity; however, the parameters considered do not completely 
explain the high variability of fallout radionuclides in the Yongchun River. 
Hillslope and channel steepness, mean annual precipitation, and cultivated land 
area are all related to long-term measures of erosion in the Weiyuan River (Basin 49); 
however, cultivation appears to drive short-term erosion. Land use is either forested or 
cultivated in the basin, and the most heavily cultivated sub-basins may have begun to 
erode through the mixed portion of the 10Bei soil profile, approximately 0.5 m. Modern 
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erosion in the Weiyuan River is focused in the cultivated areas; however, this has not 
increased contemporary sediment yield, likely the result of sediment storage within the 
basin. 
Cultivation is most influential in the Nankai River basin (Basin 11), where upland 
deforestation is suspected to generate significant amounts of sediment slowly transported 
through the basin due to river diversion for irrigation of rice and sugarcane paddies. 
Contemporary sediment yield is depressed from the long-term average due to net 
sediment storage in agricultural terraces. As a result, fallout radionuclide activities are 
enriched closer to the basin outlet, and their concentrations are better related to sediment 
storage than erosion. The lack of correlation between any topographic property and long-
term erosion rates suggests that land-use has also altered the concentration of 10Bei in 
sediment. 
Overall, the lack of 137Cs in nearly all samples and wide range of 210Pbex 
concentrations provides compelling evidence of relatively high erosion rates during and 
after the time of 137Cs deposition, followed by slower erosion from the end of the century 
to present day. In the context of the land-use, field observations, and long-term erosion 
indicators, this shift in erosion is likely the result of Chinese policies that resulted in 
documented widespread deforestation from the 1950’s to the late 1980’s and the 
implementation of policies aimed at forest conservation and restoration in the late 1990’s. 
This is a significant finding, as it corroborates, at least to a certain degree, the 
government reported success of the Natural Forest Protection Program and “Returning 
Farmland to Forest,” both top-down conservation policies introduced in the late 1990’s 
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and early 2000’s – policies whose implementation and effectiveness has largely been 
called into question by other research conducted in the region.  
 
2 Future work 
The greatest shortcoming of the multiple isotope method used in this study is the 
inability to make quantitative comparisons between independently derived erosion rates 
applicable over varying timescales. In order to calculate erosion rates from the 
concentration of 10Bem, 210Pbex, and 137Cs while still retaining the ability to compare the 
activity of each isotope in the same sample, two complicating factors must be understood: 
how nuclide concentration in affected by sediment grain size, and how nuclide activity 
changes over time due to erosion. 
Due to the grain size requirements of 10Bei analysis, all isotopes must be 
measured on the medium sand fraction of fluvial sediment. The relative dearth of field-
based research detailing the behavior of fallout radionuclides across sediment grains of 
varying size and mineralogy presents a challenge in correcting grain size bias in nuclide 
concentration. Laboratory and limited field evidence clearly indicates that fallout 
radionuclides preferentially adsorb to smaller grains, and equations have been suggested 
to correct for grain size [He and Walling, 1996; Willenbring and von Blanckenburg, 
2010], however, these would likely benefit from additional field testing and information 
regarding dependence on mineralogy. 
A model describing the change expected in isotope activity over time due to 
erosion is prerequisite to calculating erosion rates from isotopic activity in fluvial sand. 
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Many models exist for calculating erosion rates from short-lived radionuclides using bulk 
sediment samples [e.g., Matisoff and Whiting, 2012], however, these must be adapted 
using grain size data to be applicable in this setting. As of yet, no studies have 
successfully calculated and independently verified erosion rates from 10Bem, which, due 
to its long half-life, has a more complex soil depth profile than short-lived nuclides. 
Willenbring and von Blanckenburg [2010] present a set of equations and assumptions that 
would allow erosion rates to be derived from 10Bem concentration in a similar fashion to 
10Bei derived erosion rates that, if independently verified, would greatly increase the 
utility of 10Bem. While multiple isotopes measured on the same samples have shown to 
provide useful geomorphic information beyond what each isotope would provide alone, 
the ability to directly compare four independently derived erosion rates integrated over 
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1. Additional Methods 
1.1 10Bei extraction and measurement 
 Prior to quartz separation, magnetic grains were separated from samples using a 
magnetic separator. If acid-resistant mafic grains were present during quartz separation, 
they were removed using heavy density liquid separation. After initial purity testing of 
separated quartz by ICP-OES, samples with high cation concentrations were re-etched to 
increase purity, following established methods [Kohl and Nishiizumi, 1992]. We 
extracted Be from purified quartz separates in 7 batches of 10 samples, with the addition 
of one CRONUS N process replicate Jull et al. [2015] and one process blank per batch.  
Each sample was processed with between 218.5 – 250.8 µg of 9Be from in-house made 
beryl carrier. Two different carrier batches were used between the 7 batches. After 
measurement, all samples were corrected by the average 10Be/9Be ratio of the 7 process 
blanks included, 2.64 ± 0.98 x 10-15 (1 SD), which is ~1% of the mean sample ratio. 
Measured blank-corrected sample ratios range from 0.367 – 13.8 x 10-13, and the mean 
AMS precision of blank-corrected ratios is 3.3%. 
 The CRONUS N process replicates run in each batch generally agree with results 
reported by [Jull et al., 2015], and have a coefficient of variation of 6.3 %. The mean and 
median concentrations of the CRONUS N standards were 2.25 and 2.23 x105 atoms/g 
respectively, slightly above previously reported mean and median concentrations of 2.17 
x 105 atoms/g (for both) [Jull et al., 2015]. 
 
1.2 10Bem extraction and measurement 
 Sieved, dried, and otherwise un-altered samples were powdered using a SPEX 
Shatterbox for ~60 – 120 seconds. Be was extracted using from 319.5 – 330.9 µg of 9Be 
from two different in-house made beryl carriers. Samples were processed in 6 batches of 
15 samples, with one process blank per batch. During measurement, several samples 
performed poorly during in the AMS, and those samples with currents < ~25% of the 
standard current were re-processed and re-measured. Sample ratios were blank-corrected 
using the mean blank value of 2.28 ± 2.31 x 10-14 (n = 6, 1 SD), which is ~2% of the 
mean sample ratio. Blank-correct sample ratios range from 0.126 – 15.9 x 10-12, and 






Figure S1. Shows the results of statistical analysis comparing the variance of samples for 
each studied basin. Results of the Kruskal-Wallis test are shown for each isotope above a 
table showing the results of a Steel-Dwass all pairs test, a post-hoc test showing the 
results of comparisons between each pair. The Steel-Dwass test differentiates the basins 
into similar and dissimilar groups, denotes by the letter assigned at bottom of each matrix 
(A, B, or C). Groups coming from the same distribution share a common letter, while 




Figure S2. A bar chart showing the fraction of the measured to modeled concentration of 
10Bei, 10Bem, and 210Pbex at each junction. Error bars show 2 SD, and with the exception 
of 210Pbex, samples where the error bar intersects (or nearly intersects) the x-axis at zero 
are considered well mixed. Junctions with no 210Pbex bar did not have measureable 210Pbex 
in one of the upstream samples, and those where the 210Pbex bar extends to -1 did not 
contain measurable 210Pbex below the junction. 
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Figure S3. Scatter plots showing the fraction difference from measured to modeled 
concentrations at each junction as a function of the fraction of total agricultural land 
upstream of the junction and the fraction difference in agricultural land between the 
basins contributing to the mixing model. No obvious relationships exist in either plot. 
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Figure S4. Scatter plots showing the relationship between three measures of long-term 
erosion (erosion rate, erosion index, and 10Bem concentration) plotted against basin relief 
and mean annual precipitation for basin 11. The results of bivariate linear regression 
analysis of shown.    
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Table S1. Input table to CRONUS-Earth Online Calculator for each sample presented in 
this study. All physiographic properties are calculated from 30 m ASTER GDEM. A 
complete description of the CRONUS-Earth Online Calculator can be found in Balco et 
al. [2008].  
 
1.1 Column “Sample name,” the unique identifier of each sample. 
 
1.2 Column “Mean Latitude,” decimal degrees, the mean latitude of the basin represented 




1.3 Column “Mean Longitude,” decimal degrees, the mean longitude of the basin 
represented by the sample. 
 
1.4 Column “Effective Elevation,” meters above sea level, the effective elevation of the 
basin represented by the sample calculated using polynomials from Lal [1991].  
 
1.5 Column “Elv/pressure flag,” no units, parameter to select standard elevation-pressure 
relationship or Antarctic elevation-pressure relationship. Further information can be 
found in Stone [2000]. 
 
1.6 Column “Thickness,” cm, thickness of sample. In the case of active channel sediment 
samples, the thickness is modeled as minimal, at 0.1 cm. 
 
1.7 Column “Density,” g/cm3, assumed density of parent rock material. 
 
1.7 Column “Shielding Correction,” unitless, gives the ratio of the isotope production rate 
integrated over the entire sample basin to the production rate over the same basin with no 
cosmic ray obstruction. Here we assume that cosmic ray shielding is insignificant given 
other studies where significantly steeper and higher-relief catchments result in minimal 
scaling factors [e.g., Portenga et al., 2015]. 
 
1.8 Column “10Be,” atoms/g, concentration of 10Be in sample. 
 
1.9 Column “+/-,“ atoms/g, analytical standard deviation of the sample. 
 
1.10 Column “10Be Standard,” no units, the standard identifier for the ratio to which the 
AMS results are standardized. 
1.11 Column “26Al,” placeholder column for CRONUS-Earth Online Calculator. 
 
1.12 Column “+/-,”placeholder column for CRONUS-Earth Online Calculator. 
 




Table S2. Summary of data for each sample 

















CH-001 27.115 99.356 6 2931 19.8 198 869 
CH-003 27.049 99.384 0 3104 21.1 4 869 
CH-004 27.055 99.329 0 2979 22.0 6 869 
CH-005 27.057 99.372 1 2962 20.1 16 869 
CH-009 27.056 99.359 2 2949 20.5 23 869 
CH-010 27.061 99.375 0 3049 22.3 6 869 
CH-011 27.069 99.322 0 2945 21.9 8 869 
CH-012 27.062 99.351 3 2928 20.9 34 869 
CH-013 27.175 99.407 0 3296 12.0 13 869 
CH-016 27.163 99.409 1 3265 14.1 18 869 
CH-017 27.127 99.431 0 3191 18.0 18 869 
CH-020 27.153 99.422 2 3220 16.2 37 869 
CH-021 27.077 99.353 4 2878 20.2 63 869 
CH-023 27.115 99.377 5 2948 18.9 132 869 
CH-024 27.141 99.401 3 3026 18.0 67 869 
CH-031 24.192 100.740 0 1804 22.9 90 989 
CH-032 24.115 100.740 0 1823 22.6 27 989 
CH-033 24.184 100.750 1 1799 22.8 120 989 
CH-034 24.184 100.750 1 1799 22.8 120 989 
CH-035 24.261 100.810 0 1831 17.9 177 993 
CH-036 24.247 100.790 2 1817 19.9 297 991 
CH-037 24.082 100.840 0 1398 14.0 7 989 
CH-039 24.177 100.810 3 1698 19.1 662 989 
CH-041 24.106 100.810 4 1649 18.8 923 1000 
CH-042 23.875 100.600 0 1828 17.9 27 1084 
CH-043 23.676 100.600 0 1755 20.1 17 1141 
CH-044 23.978 100.800 10 1629 19.0 2508 1050 
CH-045 23.992 100.850 9 1613 19.8 1877 1038 
CH-046 23.898 100.930 0 1633 19.9 37 1030 
CH-047 23.894 100.960 1 1714 20.2 91 1022 
CH-048 23.852 100.970 0 1849 20.0 31 1017 
CH-049 23.877 100.950 0 1711 22.1 20 1017 
110 
 
CH-050 23.830 100.920 2 1604 20.3 302 1030 
CH-052 24.051 100.810 5 1635 19.0 1137 1009 
CH-053 24.063 100.840 6 1627 19.3 1441 1014 
CH-054 23.683 100.920 0 1699 22.6 262 1104 
CH-056 24.063 100.840 7 1626 19.3 1445 1014 
CH-058 23.996 100.850 8 1636 19.8 1711 1028 
CH-059 23.797 100.650 1 1681 16.6 624 1088 
CH-062 21.891 100.530 0 1634 15.6 7 1283 
CH-063 21.892 100.520 0 1678 14.9 12 1283 
CH-064 21.889 100.520 1 1652 15.0 20 1283 
CH-065 21.860 100.540 2 1651 15.2 42 1283 
CH-066 21.830 100.570 0 1727 16.1 14 1283 
CH-067 21.861 100.530 3 1593 15.5 95 1283 
CH-068 21.861 100.520 4 1554 15.2 128 1283 
CH-069 21.747 100.450 0 1651 16.2 128 1282 
CH-070 21.759 100.360 0 1553 16.3 38 1297 
CH-071 21.818 100.440 5 1499 14.4 487 1289 
CH-075 21.919 100.360 6 1435 13.5 1006 1299 
CH-077 22.086 100.180 0 1633 16.4 11 1325 
CH-078 22.035 100.150 0 1535 15.8 18 1329 
CH-079 21.951 100.170 0 1591 19.3 12 1296 
CH-080 21.874 100.180 0 1697 19.0 51 1297 
1 Delivery rate calculated from equation derived by Graly et al. [2011] 
2 Land-use reported from values calulcated from GLC30 land cover dataset [Chen et al., 
2014] 
 
	  	   	  	                 
  
Catchment ksn 











yr)1 137Cs (Bq/kg) 
CH-001 1787 158 131 118 9.30 
 
± 
 CH-003 870 114 23 112 9.26 
 
± 
 CH-004 812 90 17 85 9.26 
 
± 
 CH-005 1006 100 37 95 9.26 
 
± 
 CH-009 1021 102 40 94 9.26 
 
± 






CH-011 1086 104 24 99 9.27 
 
± 
 CH-012 1099 94 39 89 9.27 
 
± 
 CH-013 321 33 15 33 9.33 4.02 ± 0.98 
CH-016 793 168 183 61 9.33 4.86 ± 1.00 
CH-017 823 148 125 135 9.31 2.87 ± 1.04 
CH-020 881 177 165 119 9.32 
 
± 
 CH-021 1249 113 62 96 9.27 
 
± 
 CH-023 1249 129 94 104 9.30 
 
± 
 CH-024 1109 150 118 112 9.31 
 
± 
 CH-031 1142 100 42 99 8.85 
 
± 
 CH-032 1144 109 27 113 8.81 
 
± 
 CH-033 1189 109 49 103 8.84 
 
± 
 CH-034 1189 109 49 103 8.84 
 
± 
 CH-035 1676 138 86 124 8.91 
 
± 
 CH-036 1676 126 75 111 8.89 
 
± 
 CH-037 1058 52 16 51 8.79 
 
± 
 CH-039 1802 108 69 93 8.84 
 
± 
 CH-041 1905 112 89 95 8.90 
 
± 
 CH-042 809 85 31 85 9.53 
 
± 
 CH-043 784 84 27 72 9.93 
 
± 
 CH-044 2006 179 262 103 9.28 
 
± 
 CH-045 2006 147 190 103 9.18 
 
± 
 CH-046 1088 96 44 88 9.07 
 
± 
 CH-047 1246 104 52 92 8.99 
 
± 
 CH-048 1142 121 60 101 8.93 
 
± 
 CH-049 921 100 53 79 8.94 
 
± 
 CH-050 1433 126 98 96 9.04 
 
± 
 CH-052 1941 143 201 102 8.95 
 
± 
 CH-053 1941 140 187 100 9.00 
 
± 
 CH-054 1648 126 70 110 9.60 
 
± 
 CH-056 1941 140 187 100 9.00 
 
± 
 CH-058 1941 138 173 103 9.10 
 
± 
 CH-059 1591 248 338 103 9.52 
 
± 
 CH-062 577 53 28 53 10.25 
 
± 
 CH-063 470 48 21 51 10.25 
 
± 
 CH-064 590 53 27 53 10.25 
 
± 
 CH-065 772 63 32 59 10.23 
 
± 
 CH-066 724 78 30 78 10.22 
 
± 






CH-068 933 64 34 59 10.23 
 
± 
 CH-069 853 125 131 70 10.17 
 
± 
 CH-070 842 68 29 66 10.30 
 
± 
 CH-071 1004 80 85 57 10.26 
 
± 
 CH-075 1179 84 147 53 10.39 
 
± 
 CH-077 874 79 13 80 10.67 
 
± 
 CH-078 898 62 18 59 10.68 
 
± 
 CH-079 692 71 22 72 10.38 
 
± 
 CH-080 995 86 40 85 10.35   ±   
 
                
Sample ID 210Pbex (Bq/kg) 
10Bem (107 





















4.15 ± 0.29 0.83 ± 0.15 2.60 ± 0.08 69 ± 6 





68.11 ± 0.61 7.55 ± 0.13 4.84 ± 0.09 38 ± 3 





2.74 ± 0.13 0.96 ± 0.14 1.47 ± 0.04 120 ± 10 
CH-013 7.93 ± 1.01 30.13 ± 0.75 1.05 ± 0.13 16.74 ± 0.22 12 ± 1 
CH-016 6.70 ± 1.05 28.74 ± 1.62 1.01 ± 0.14 16.20 ± 0.21 12 ± 1 
CH-017 5.07 ± 2.16 12.99 ± 1.35 1.30 ± 0.17 5.72 ± 0.18 34 ± 3 





6.39 ± 0.50 0.93 ± 0.15 3.40 ± 0.07 50 ± 4 
CH-023 6.35 ± 1.30 12.53 ± 0.54 0.66 ± 0.14 9.47 ± 0.12 18 ± 1 
CH-024 6.04 ± 2.51 13.50 ± 0.70 0.68 ± 0.14 10.32 ± 0.12 17 ± 1 





1.01 ± 0.11 0.60 ± 0.17 0.49 ± 0.02 193 ± 16 










1.05 ± 0.11 0.38 ± 0.16 0.80 ± 0.03 119 ± 9 
CH-036 3.60 ± 1.72 0.97 ± 0.11 0.49 ± 0.17 0.58 ± 0.03 166 ± 15 
CH-037 2.33 ± 0.63 2.23 ± 0.11 0.55 ± 0.14 0.93 ± 0.04 80 ± 6 
CH-039 3.43 ± 0.86 0.77 ± 0.11 0.26 ± 0.19 0.81 ± 0.03 109 ± 9 
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CH-041 4.02 ± 1.85 0.57 ± 0.10 0.28 ± 0.22 0.53 ± 0.02 165 ± 13 
CH-042 7.33 ± 1.65 1.68 ± 0.13 0.27 ± 0.15 1.63 ± 0.04 57 ± 4 
CH-043 6.43 ± 1.48 1.36 ± 0.11 0.20 ± 0.15 1.60 ± 0.04 55 ± 4 
CH-044 4.22 ± 1.61 0.84 ± 0.03 0.26 ± 0.13 0.81 ± 0.03 106 ± 8 





1.39 ± 0.04 0.42 ± 0.13 0.84 ± 0.03 101 ± 8 
CH-047 4.55 ± 2.20 1.84 ± 0.04 0.62 ± 0.13 0.79 ± 0.03 113 ± 9 
CH-048 8.52 ± 2.92 1.64 ± 0.19 0.44 ± 0.17 1.07 ± 0.03 89 ± 7 
CH-049 5.84 ± 1.96 1.47 ± 0.13 0.43 ± 0.15 0.91 ± 0.03 97 ± 8 





0.65 ± 0.14 0.24 ± 0.25 0.69 ± 0.03 125 ± 10 
CH-053 5.44 ± 1.80 0.83 ± 0.03 0.34 ± 0.13 0.63 ± 0.02 137 ± 11 
CH-054 6.33 ± 2.07 1.32 ± 0.03 0.47 ± 0.13 0.69 ± 0.02 128 ± 10 
CH-056 5.28 ± 1.71 0.77 ± 0.03 0.34 ± 0.13 0.58 ± 0.03 149 ± 12 
CH-058 7.84 ± 1.78 0.95 ± 0.03 0.36 ± 0.13 0.67 ± 0.02 128 ± 10 
CH-059 4.89 ± 1.51 0.71 ± 0.03 0.16 ± 0.13 1.08 ± 0.03 80 ± 6 
CH-062 9.94 ± 2.91 2.07 ± 0.11 0.26 ± 0.14 1.65 ± 0.05 48 ± 4 
CH-063 6.79 ± 2.68 1.72 ± 0.12 0.22 ± 0.14 1.70 ± 0.04 48 ± 4 
CH-064 11.72 ± 2.67 1.25 ± 0.11 0.15 ± 0.15 1.80 ± 0.04 45 ± 3 
CH-065 14.10 ± 2.59 1.66 ± 0.12 0.26 ± 0.15 1.35 ± 0.04 60 ± 5 
CH-066 9.78 ± 2.86 2.58 ± 0.07 0.27 ± 0.13 2.09 ± 0.04 40 ± 3 





4.82 ± 0.14 0.78 ± 0.13 1.26 ± 0.04 61 ± 5 
CH-069 6.02 ± 2.48 2.44 ± 0.12 0.40 ± 0.13 1.32 ± 0.04 61 ± 5 
CH-070 8.27 ± 3.28 2.51 ± 0.12 0.43 ± 0.14 1.19 ± 0.05 65 ± 5 





6.07 ± 0.14 0.75 ± 0.13 1.51 ± 0.04 48 ± 3 
CH-077 5.17 ± 2.03 2.81 ± 0.12 0.15 ± 0.13 3.72 ± 0.08 21 ± 2 





5.15 ± 0.13 0.59 ± 0.13 1.76 ± 0.09 44 ± 4 
CH-080 11.84 ± 2.43 6.68 ± 0.13 0.76 ± 0.13 1.90 ± 0.05 43 ± 3 
 
 
Land-use (percent of total area)2 
Sample ID Cultivated Forest Grassland Shrubland Wetland Water Artificial 
CH-001 15 62 8 15 0 0 0 
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CH-003 9 80 1 10 0 0 0 
CH-004 7 79 3 11 0 0 0 
CH-005 14 65 4 16 0 0 0 
CH-009 14 68 4 14 0 0 0 
CH-010 5 71 5 19 0 0 0 
CH-011 13 72 4 10 0 0 0 
CH-012 13 70 4 13 0 0 0 
CH-013 10 38 24 27 0 0 0 
CH-016 8 44 22 27 0 0 0 
CH-017 6 48 11 35 0 0 0 
CH-020 7 46 16 31 0 0 0 
CH-021 14 69 4 13 0 0 0 
CH-023 15 61 7 17 0 0 0 
CH-024 14 53 11 22 0 0 0 
CH-031 38 62 0 0 0 0 0 
CH-032 23 77 0 0 0 0 0 
CH-033 34 66 0 0 0 0 0 
CH-034 34 66 0 0 0 0 0 
CH-035 20 80 0 0 0 0 0 
CH-036 26 74 0 0 0 0 0 
CH-037 35 65 0 0 0 0 0 
CH-039 26 74 0 0 0 0 0 
CH-041 25 75 0 0 0 0 0 
CH-042 13 87 0 0 0 0 0 
CH-043 6 94 0 0 0 0 0 
CH-044 22 77 0 0 0 0 0 
CH-045 23 76 0 0 0 0 0 
CH-046 26 72 0 0 0 1 0 
CH-047 22 77 0 0 0 1 0 
CH-048 20 79 0 0 0 0 0 
CH-049 11 89 0 0 0 0 0 
CH-050 24 76 0 0 0 0 0 
CH-052 24 75 0 0 0 0 0 
CH-053 24 75 0 0 0 0 0 
CH-054 18 82 0 0 0 0 0 
CH-056 24 75 0 0 0 0 0 
CH-058 23 76 0 0 0 0 0 
CH-059 19 81 0 0 0 0 0 
CH-062 25 47 28 0 0 0 0 
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CH-063 52 37 11 0 0 0 0 
CH-064 44 39 17 0 0 0 0 
CH-065 34 45 21 0 0 0 0 
CH-066 5 65 29 1 0 0 0 
CH-067 36 34 28 1 0 0 0 
CH-068 33 35 32 1 0 0 0 
CH-069 13 44 37 4 0 1 0 
CH-070 29 37 33 1 0 0 0 
CH-071 38 33 26 2 0 0 1 
CH-075 48 35 14 1 0 1 1 
CH-077 56 44 0 0 0 0 0 
CH-078 52 48 0 0 0 0 0 
CH-079 53 47 0 0 0 0 0 
CH-080 33 56 9 0 0 1 0 
 
Table S2. Summary of physiographic characteristics, isotopic results, interpreted values, 
and land-use for each sample. 
 
2.1 Column “Sample ID,” no units, the unique identifier for each sample. 
 
2.2 Column “Mean Latitude,” decimal degrees, the calculated mean latitude of each 
basin. 
 
2.3 Column “Mean Longitude,” decimal degrees, the calculated mean longitude of each 
basin. 
 
2.4 Column “Nesting Order,” no units, the order in which the samples nest. Samples with 
no other samples upstream are assigned a nesting order of 0, and increase in increments 
of 1 with each additional sample upstream. 
 
2.5 Column “Mean Elevation,” meters above sea level, the calculated mean elevation of 
each sample basin. 
 
2.6 Column “Mean Slope,” degrees, the calculated mean slope of each basin. 
 
2.7 Column “Basin Area,” km2, the area of the entire contributing landscape upstream of 
the sample location. 
 
2.8 Column “MAP,” mm/yr, the mean annual rainfall for the entire contributing area 




2.9 Column “Basin Relief,” meters, the total difference in elevation between the highest 
point upstream of the sample location and the sample location. 
 
2.10 Columns “Catchment ksn,” m0.9, the mean, standard deviation, and median ksn values 
for each basin as calculated from the DEM. 
 
2.11 Column “10Bem Delivery Rate,” atoms/cm2 x yr, the estimated number of 10Be atoms 
per unit area delivered through precipitation each year to the entire area upstream of the 
sample. Delivery rate was estimated using the empirical equation derived by Graly et al. 
[2011]. 
 
2.12 Column “137Cs,” Bq/kg, the measured activity of 137Cs in each sample. Error is 
reported as 1 SD. Samples left blank contained no measureable 137Cs. 
 
2.13 Column “210Pbex,” Bq/kg, the measured activity of 210Pbex in each sample. Error is 
reported as 1 SD. Samples left blank contained no measurable 210Pbex. 
 
2.14 Column “10Bem,” atoms/g, the concentration of meteoric 10Be measured in each 
sample. Error is reported as 1 SD. 
 
2.15 Column “Erosion Index,” unitless, the calculated erosion index for each sample. 
Errors are reported as 1 SD. 
 
2.16 Column “10Bei,” atoms/g, the measured concentration of `10Bei in each sample. 
Errors are reported as 1 SD. 
 
2.17 Column “Erosion Rate,” mm/kyr, average rate of landscape lowering for the entire 
area upstream of the sample location as interpreted using information from Table S1 and 
the CRONUS-Earth Online Calculator. Errors are reported as 1 SD. 
 
2.18 Columns “Land-use,” unitless, the fraction (expressed as a percent) of the total 
contributing area occupied by a given land-use. Land-use is calculated using the GLC30 
land-cover dataset [Chen et al., 2014].  
117 
 
Table S3. Matrix of bivariate regression statistics for samples in basin 49 
 








(o) Mean ksn Median ksn Basin Relief 
  R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value R2 p-value 
210Pbex1 0.35 0.007 
          10Bem  
      
0.41 0.001 0.33 0.003 0.55 <0.0001 
Erosion Index 0.27 0.01 0.23 0.02 0.18 0.04 0.22 0.02 
    Erosion Rate 0.21 0.02 0.35 0.002 0.21 0.03     0.36 0.002 0.20 0.03 
1 Excludes samples below detection limit  
 
Table S3. Matrix of R2 and p-values for bivariate regressions shown in in Figure 13 
comparing isotopic concentration and isotopically derived values with land-use, climate 
and topographic metrics. Regressions without significant statistics are not included. 
 
3.1 Column 1, row label showing isotopic system or isotopic derivative considered. 
 
3.2 Colum “Land-use,” shows regression statistics for linear bivariate regressions 
between the fraction cultivated land and a given isotope or isotopic derivative. 
 
3.2 Column “Climate,” shows regression statistics for linear bivariate regressions 
between the mean annual precipitation and a given isotope or isotopic derivative. 
 
3.3 Columns “Topography,” shows regression statistics for linear bivariate regressions 
between each topographic metric and a given isotope or isotopic derivative.  
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Table S4. Summary mixing data 
     
Junction ID 
Downstream 










35-1 CH-023 CH-021, 024 0.00 0.15 
35-2 CH-020 CH-016, 017 0.02 0.07 
35-3 CH-012 CH-009, 011 0.01 0.13 
35-4 CH-009 CH-004, 005 0.07 0.14 
35-5 CH-005 CH-003, 010 0.04 0.14 
49-1 CH-044 CH-045, 059 0.04 0.22 
49-2 CH-058 CH-054, 056 0.06 0.23 
49-3 CH-053 CH-050, 052 0.00 0.24 
49-4 CH-047 CH-046, 048, 049 0.10 0.22 
49-5 CH-036 CH-034, 035 0.14 0.26 
49-6 CH-033 CH-031, 032 0.15 0.34 
11-1 CH-065 CH-064, 066 0.39 0.34 
11-2 CH-064 CH-062, 063 0.27 0.44 
 








Junction (m)     
35-1 2 0.02 230 
  35-2 1 0.03 220 
  35-3 3 0.09 170 
  35-4 1 0.04 250 
  35-5 6 0.38 160 
  49-1 7 0.00 1650 
  49-2 4 0.00 510 
  49-3 2 0.00 150 
  49-4 3 0.03 150 
  49-5 0 0.00 100 
  49-6 3 0.03 270 
  11-1 8 0.19 820 















35-1 9.47 ± 0.12 12.50 ± 0.54 5.64 ± 1.30 
35-2 6.63 ± 0.11 11.30 ± 0.50 3.93 ± 0.92 
35-3 1.47 ± 0.04 2.74 ± 0.13 0.00 ± 0.00 
35-4 2.78 ± 0.10 9.39 ± 0.54 
 
± 
 35-5 2.60 ± 0.08 4.15 ± 0.29 
 
± 
 49-1 0.81 ± 0.03 0.84 ± 0.03 3.73 ± 1.61 
49-2 0.67 ± 0.02 0.95 ± 0.03 7.24 ± 1.78 
49-3 0.63 ± 0.02 0.83 ± 0.03 4.82 ± 1.80 
49-4 0.79 ± 0.03 1.84 ± 0.04 
 
± 
 49-5 0.58 ± 0.03 0.97 ± 0.11 
 
± 
 49-6 0.72 ± 0.03 1.03 ± 0.12 3.74 ± 1.55 
11-1 1.35 ± 0.04 1.66 ± 0.12 13.40 ± 2.59 
11-2 1.80 ± 0.04 1.25 ± 0.11 11.10 ± 2.67 
 
 


















35-1 5.26 ± 0.31 8.30 ± 0.44 1.43 ± 0.69 0.80 ± 0.11 0.51 ± 0.10 
35-2 8.46 ± 0.52 17.11 ± 1.14 4.80 ± 1.62 -0.22 ± 0.05 -0.34 ± 0.05 
35-3 1.75 ± 0.16 5.92 ± 0.35 3.32 ± 1.64 -0.16 ± 0.08 -0.54 ± 0.04 




0.29 ± 0.09 1.30 ± 0.17 




-0.48 ± 0.02 -0.91 ± 0.01 
49-1 0.68 ± 0.04 0.78 ± 0.02 5.94 ± 1.57 0.18 ± 0.08 0.08 ± 0.05 
49-2 0.59 ± 0.03 0.84 ± 0.03 4.81 ± 1.51 0.13 ± 0.07 0.13 ± 0.05 
49-3 0.70 ± 0.03 0.72 ± 0.11 0.78 ± 0.39 -0.10 ± 0.05 0.14 ± 0.18 
49-4 0.93 ± 0.04 1.49 ± 0.07 3.37 ± 1.06 -0.15 ± 0.05 0.24 ± 0.06 




-0.18 ± 0.06 -0.07 ± 0.12 




0.11 ± 0.07 -0.36 ± 0.07 
11-1 1.91 ± 0.05 1.76 ± 0.08 10.33 ± 1.98 -0.29 ± 0.03 -0.06 ± 0.08 
11-2 1.68 ± 0.05 1.85 ± 0.09 7.29 ± 2.00 0.07 ± 0.04 -0.32 ± 0.07 
 
Table S4. Summary of land-use and residual area upstream of stream junctions and 




4.1 Column 1, “Junction ID,” no units, the assigned label for each junction. The prefix 
indicates the basin ID, and the junctions are generally labeled with XX-1 at the outlet and 
higher numbers further upstream in the basin. 
 
4.2 Column 2, “Downstream Sample,” no units, the ID of the sample collected below the 
junction. 
 
4.3 Column 3, “Upstream Samples,” no units, the ID of the samples collected above the 
junction. 
 
4.4 Colum 4, “Fraction Difference in Agricultural Land Between Contributing Basins,” 
unitless, the ratio of the fraction cultivated land for each upstream watershed. At junction 
49-4 samples CH-048 and -049 were consolidated. 
 
4.5 Column 5, “Fraction Agricultural Land Upstream of Junction,” unitless, the total 
fraction of land under cultivation upstream of the junction. 
 
4.6 Column 6, “Residual Area,” km2, the difference in contributing area between the sum 
of the upstream sample areas and the downstream sample area. 
 
4.7 Column 7, “Fraction Residual Area,” unitless, the ration of the residual area to the 
total area upstream of the sample collected below the junction. 
 
4.8 Column 8, “Distance Below Junction,” meters, the distance along the channel below 
the junction a downstream sample is located. Calculated based on the location of the 
junction as represented by stream lines created from the DEM. 
 
4.9 Column 9, “Measured Values,” various units, the header for the columns representing 
the isotopic concentration measured in samples collected below each junction. All errors 
reported as 1 SD. 
 
4.9.1 “10Bei Concentration,” 105 atoms/g, the concentration of 10Bei in the sample 
collected below the stream junction. 
 
4.9.2 “10Bem Concentration,” 107 atoms/g, the concentration of 10Bem in the sample 
collected below the stream junction. 
 
4.9.3 “210Pbex Activity,” Bq/kg, the activity of 210Pbex in the sample collected below the 
stream junction. Blank cells indicate junctions where one of more samples at the junction 
was below the detection limit. 
 
4.10 Column 10, “Modeled Values,” various units, the header for the columns 
representing the modeled isotopic concentration below each junction. All errors are 




4.10.1 “10Bei Concentration,” 105 atoms/g, the modeled concentration of 10Bei below the 
stream junction. 
 
4.10.2 “10Bem Concentration,” 107 atoms/g, the modeled concentration of 10Bem below 
the stream junction. 
 
4.10.3 “210Pbex Activity,” Bq/kg, the modeled activity of 210Pbex below the stream 
junction. Blank cells indicate junctions where one of more samples at the junction was 
below the detection limit. 
 
4.11 Colum 11, “Ratio Measured/Modeled 10Bei,” unitless, the ratio of the measured 
concentration of 10Bei below the junction to the modeled concentration. Error is reported 
as 1 SD, and samples where the error at 2 SD is within ~5% of the ratio are considered 
well mixed. 
 
4.12 Colum 12, “Ratio Measured/Modeled 10Bem,” unitless, the ratio of the measured 
concentration of 10Bem below the junction to the modeled concentration. Error is reported 
as 1 SD, and samples where the error at 2 SD is within ~5% of the ratio are considered 
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 Appendix B: Sample Site Log 
The following appendix contains a log of the samples used in this research. The samples 

























































Photo of sample site, usually oreinted looking upstream 
CH-0XX – Sample ID 
Parent Basin: ID of the basin the sample was collected in (either 35, 49, or 11) 
Collection Date: Date the sample was collected 
Latitude: Longitude: Latitude and Longitude of sample site location (WGS 84, decimal 
degrees) 
Sample Type: “RS” indicates active channel sediment, “O” indicates active channel 
sediment but sample also represents the outlet of the parent basin (i.e. basin 35, 49 or 
11). 
Additional Notes: Any additional information regarding sample location, channel 







Parent Basin: 35 
Collection Date: 5/23/13 
Latitude: 27.156 Longitude: 99.321 
Sample Type: Outlet 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.055 Longitude: 99.360 
Sample Type: RS 
Additional Notes: Channel is heavily laden with sediment, agricultural field just above 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.059 Longitude: 99.350 
Sample Type: RS 
Additional Notes: Channel shares valley floor with small road, which sometimes 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.064 Longitude: 99.351 
Sample Type: RS 
Additional Notes: Braided channel surrounded by agricultural fields ~2.5 meters above 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.070 Longitude: 99.350 
Sample Type: RS 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.064 Longitude: 99.358 
Sample Type: RS 
Additional Notes: Sample collected in channel ~50 m upstream of 5 m tall sediment 




Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.074 Longitude: 99.351 
Sample Type: RS 






Parent Basin: 35 
Collection Date: 5/25/13 
Latitude: 27.075 Longitude: 99.352 
Sample Type: RS 
Additional Notes: Sample taken at head of reservoir during reservoir low-stand. Channel 






Parent Basin: 35 
Collection Date: 5/26/13 
Latitude: 27.155 Longitude: 99.414 
Sample Type: RS 






Parent Basin: 35 
Collection Date: 5/26/13 
Latitude: 27.132 Longitude: 99.408 
Sample Type: RS 
Additional Notes: Sample collected immediately below very steep heavily incised 






Parent Basin: 35 
Collection Date: 5/26/13 
Latitude: 27.131 Longitude: 99.406 
Sample Type: RS 






Parent Basin: 35 
Collection Date: 5/26/13 
Latitude: 27.132 Longitude: 99.406 
Sample Type: RS 
Additional Notes: Steep boulder choked channel below junction of streams sampled by 






Parent Basin: 35 
Collection Date: 5/27/13 
Latitude: 27.118 Longitude: 99.354 
Sample Type: RS 







Parent Basin: 35 
Collection Date: 5/27/13 
Latitude: 27.121 Longitude: 99.353 
Sample Type: RS 




Parent Basin: 35 
Collection Date: 5/27/13 
Latitude: 27.122 Longitude: 99.362 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.134 Longitude: 100.778 
Sample Type: RS 







Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.130 Longitude: 100.779 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.130 Longitude: 100.781 
Sample Type: RS 
Additional Notes: Sample collected immediately below junction of streams sampled by 






Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.129 Longitude: 100.798 
Sample Type: RS 
Additional Notes: Collected a short distance below CH-033, a small old landslide scar 
was identified between CH-033 and this sample, motivating the collection of this sample 






Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.129 Longitude: 100.800 
Sample Type: RS 




Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.126 Longitude: 100.799 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 24.060 Longitude: 100.808 
Sample Type: RS 







Parent Basin: 49 
Collection Date: 5/30/13 
Latitude: 23.980 Longitude: 100.799 
Sample Type: RS 




Parent Basin: 49 
Collection Date: 5/31/13 
Latitude: 23.858 Longitude: 100.814 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/1/13 
Latitude: 23.852 Longitude: 100.636 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/1/13 
Latitude: 23.695 Longitude: 100.634 
Sample Type: RS 







Parent Basin: 49 
Collection Date: 6/1/13 
Latitude: 23.546 Longitude: 100.717 
Sample Type: O 
Additional Notes: Outlet of basin 49, collected at the sediment gauging station 
 
CH-045 
Parent Basin: 49 
Collection Date: 6/1/13 
Latitude: 23.569 Longitude: 100.717 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.848 Longitude: 100.903 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.845 Longitude: 100.902 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.844 Longitude: 100.927 
Sample Type: RS 







Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.845 Longitude: 100.925 
Sample Type: RS 




Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.726 Longitude: 100.830 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.729 Longitude: 100.824 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/2/13 
Latitude: 23.721 Longitude: 100.825 
Sample Type: RS 




Parent Basin: 49 
Collection Date: 6/3/13 
Latitude: 23.695 Longitude: 100.823 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/3/13 
Latitude: 23.700 Longitude: 100.816 
Sample Type: RS 






Parent Basin: 49 
Collection Date: 6/3/13 
Latitude: 23.692 Longitude: 100.814 
Sample Type: RS 




Parent Basin: 49 
Collection Date: 6/3/13 
Latitude: 23.566 Longitude: 100.702 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/5/13 
Latitude: 21.873 Longitude: 100.543 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/5/13 
Latitude: 21.871 Longitude: 100.542 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/5/13 
Latitude: 21.869 Longitude: 100.544 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/5/13 
Latitude: 21.851 Longitude: 100.547 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/5/13 
Latitude: 21.848 Longitude: 100.558 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/6/13 
Latitude: 21.835 Longitude: 100.472 
Sample Type: RS 







Parent Basin: 11 
Collection Date: 6/6/13 
Latitude: 21.829 Longitude: 100.448 
Sample Type: RS 




Parent Basin: 11 
Collection Date: 6/6/13 
Latitude: 21.798 Longitude: 100.424 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/6/13 
Latitude: 21.794 Longitude: 100.367 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/7/13 
Latitude: 21.944 Longitude: 100.341 
Sample Type: RS 






Parent Basin: 11 
Collection Date: 6/8/13 
Latitude: 21.952 Longitude: 100.425 
Sample Type: O 






Parent Basin: 11 
Collection Date: 6/8/13 
Latitude: 22.073 Longitude: 100.183 
Sample Type: RS 







Parent Basin: 11 
Collection Date: 6/8/13 
Latitude: 22.049 Longitude: 100.173 
Sample Type: RS 
Additional Notes: Small tributary in NW portion of basin 11. Sample from immediately 






Parent Basin: 11 
Collection Date: 6/8/13 
Latitude: 21.958 Longitude: 100.179 
Sample Type: RS 
Additional Notes: Small tributary of N. arm of basin 11 with anabranching channel. 






Parent Basin: 11 
Collection Date: 6/8/13 
Latitude: 21.883 Longitude: 100.223 
Sample Type: RS 
Additional Notes: Sample from ~1-2 km below large dam on westernmost portion of N. 
arm. 
 
 
 
